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PREFACE. 


Electrical  Engineering  Practice,  like  good  wine,  needs  no  bush ;  for  it 
has  arrived  at  the  dignity  of  a  Fourth  Edition  in  a  period  of  eight 
years.  In  the  present  edition  a  great  deal  of  new  matter  has  been 
added  and  the  book  has  been  entirely  re-arranged  to  suit  its  broadened 
-scope.  For  obvious  reasons  the  work  is  now  issued  in  two  volumes, 
and  the  division  of  subject-matter  between  them  is  such  as  will  meet 
the  convenience  of  readers. 

In  this  volume,  Part  I  deals  with  definitions,  materials,  and  measure¬ 
ments,  embodying  much  information  not  included  in  the  earlier 
editions.  The  generation  and  sale  of  electrical  energy  are  treated  in 
Part  II.  Care  has  been  devoted  to  bringing  these  chapters  into  con¬ 
formity  with  recent  developments  in  the  policy  and  practice  of  electricity 
supply  in  this  country.  The  authors’  experience  indicates  that  the  notes 
on  power  factor,  load  factor,  and  diversity  factor,  and  the  chapters  on 
power-house  development  and  on  water-power  will  be  appreciated 
widely. 

Part  III,  on  Transmission  and  Control,  embodies  new  chapters  on 
Switchgear  and  on  the  Protection  of  Machines  and  Circuits  against 
abnormal  conditions.  It  is  believed  that  these  will  be  found  a  valuable 
addition. 

Volume  II,  now  in  preparation,  deals  with  transformation,  con¬ 
version,  and  storage ;  distribution  and  control  in  branch  circuits ; 
applications  of  electrical  energy ;  and  specifications,  testing,  rules  and 
regulations.  A  considerable  amount  of  fresh  matter  is  being  incor¬ 
porated  in  this  volume  also. 

Throughout  the  work  the  authors’  aim  has  been  to  give  that 
information,  and  that  alone,  which  will  be  found  useful  in  practice. 
Wherever  a  statement  capable  of  practical  exemplification  is  made,  the 
example  follows  hot-foot.  The  original  author  has  so  frequently  found 
statements  in  technical  books,  apparently  clear  but  actually  susceptible 
of  more  than  one  interpretation;  where  an  example  is  given  nq 
ambiguity  is  possible, 
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Many  valuable  criticisms  of  the  Third  Edition  were  made  in  the 
course  of  the  most  favourable  reviews  that  appeared  in  the  technical 
press.  It  is  confidently  believed  that  the  utility  of  the  work  to  engineers 
generally,  as  well  as  to  Electrical  Engineers,  has  been  enlarged  by  the 
present  revision. 

J.  W.  MEARES. 

R.  E.  NEALE. 

31s*  July ,  1923. 
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EXTEACT  FEOM  PEEFACE  TO  THIED 
EDITION. 

(xV./J. — In  reprinting  this  Preface,  those  portions  which  are  not  in  any  way  applicable  to 
the  present  edition  have  been  omitted.) 

Gkeatly  daring,  an  endeavour  has  been  made  to  fill  the  gap  between 
the  many  excellent  pocket-books  of  bare  data  and  the  highly  technical 
works  written  for  specialists  in  various  branches  of  electrical  engineer¬ 
ing.  The  demand  for  the  first  two  editions  proves  that  this  endeavour 
was  successful  so  far  as  India  was  concerned,  and  no  pains  have  been 
spared  to  make  the  present  edition  equally  useful  to  engineers  and 
students  in  this  country.  It  is  believed  that  the  book  will  appeal  to 
civil,  mechanical,  and  electrical  engineers  alike ;  and  though  the  whole 
field  covered  cannot  be  dealt  with  exhaustively  in  a  single  volume,  the 
treatment  presented  should  give  the  information  and  guidance  meeting 
the  needs  of  a  very  wide  circle  of  readers. 

Some  of  the  matter  presented  is  quite  elementary  and,  from 
experience  with  the  previous  editions,  by  no  means  unnecessary  or 
unappreciated.  Even  the  hydraulic  analogy  has  not  been  allowed  to 
rest  in  the  place  to  which  it  has  so  often  been  consigned.  One  point, 
in  particular,  which  it  helps  to  bring  home  to  the  first-year  student  is 
that  we  use  as  one  of  our  chief  electrical  units  a  rate ,  the  ampere, 
instead  of  the  corresponding  quantity ,  the  coulomb.  The  irrigation 
engineer  in  India  has  coined  the  word  ‘cusee’  (1  cubic  foot  per 
second)  to  express  a  unit  rate  of  floiv  of  water,  which  is  exactly 
analogous  to  the  ampere.  Coulombs  are  seldom  mentioned  in  practical 
electrical  engineering,  and  the  average  engineer  undoubtedly  regards 
the  coulomb  in  a  roundabout  way  as  an  ampere-second — a  multiple  of 
a  rate  by  a  time — instead  of  as  a  definite  quantity  in  itself.  Even  where 
ampere-hours  are  mentioned  the  electrical  engineer  often  forgets  that 
this  larger  unit  of  quantity  would  be  one  of  the  primary  units  in  other 
branches  of  engineering,  equivalent  (say)  to  a  gallon  of  water.  Con¬ 
ceptions  such  as  a  yard  or  a  gallon  offer  no  difficulty  to  any  intelligent 
being,  but  every  one  must  have  met  with  persons  completely  lacking  in 
the  geometrical  sense,  to  whom  an  angle  meant  absolutely  nothing. 
Further  up  the  scale  difficulty  is  experienced  in  explaining  such  com¬ 
pound  terms  as  ‘  pounds-feet  ’  or  ‘  feet  per  second  per  second,’  and 
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when  we  arrive  at  the  maximum  demand  system  of  charging  for 
electrical  energy,  the  average  man  frankly  gives  up  attempting  to  grasp 
its  significance.  If,  then,  the  explanations  in  this  book  appear  at  times 
too  elementary,  it  is  a  lapse  in  the  right  direction. 

It  has  been  the  author’s  aim  to  be  severely  practical ;  hence  many 
terms  used  in  electrical  literature  find  no  place  in  this  volume,  either 
because  the  reader  will  not  need  them  in  his  daily  work  or,  in  so  far 
as  they  deal  with  the  elements  of  electricity  and  magnetism,  because 
they  are  assumed  to  be  already  known  to  him.  Where  a  term  is 
used  which  has  not  so  far  been  defined,  the  explanation  will  be  found 
on  a  later  page,  and,  in  the  absence  of  a  forward  reference,  the  index 
will  guide  the  reader.  Where  definitions  of  terms  are  given,  they  are 
complete  and  for  the  most  part  accepted  internationally;  but  it  does 
not  follow  that  they  are  self-explanatory  in  every  case. 

Practical  examples  have  been  used  freely  for  the  purpose  of  illus¬ 
tration,  no  amount  of  mere  description  being  so  effective  in  explaining 
rules  and  formulae.  For  the  same  reason,  diagrams  of  strictly  utili¬ 
tarian  nature  have  been  used  to  show  plainly  the  connections  and 
so  forth  described  in  the  text.  The  examples  chosen  all  make  use 
of  British  standard  frequencies,  pressures,  etc.,  and  numerical  results 
are  those  obtained  by  using  the  slide  rule  and  omitting  unnecessary 
figures.  It  is  still  often  overlooked  that  the  accuracy  of  any  result  is 
limited  by  that  of  the  measurements  and  data  which  yield  it ;  and  that, 
whereas  half  a  dozen  significant  figures  may  be  accurate  and  necessary 
in  scientific  work,  an  accuracy  to  within  even  1  per  cent,  is  only 
accidental  where  commercial  calculations  or  measurements  with  com¬ 
mercial  instruments  are  concerned. 

The  lists  of  contents,  tables,  and  illustrations  will  give  a  general  idea 
of  the  scope  and  limitations  of  the  book,  and  the  index  will  guide  the 
reader  who  uses  the  volume  merely  as  a  book  of  reference.  Pains 
have  been  taken  to  make  the  index  as  complete  as  possible,  and  it 
should  be  noted  that  cross  references  and  index  references  are  to  para¬ 
graphs,  and  that  paragraph  numbers  are  shown  at  the  head  of  pages  and 
page  numbers  at  the  foot.  The  symbols  which  have  been  accepted 
internationally  to  represent  electrical  quantities  are  used  throughout 
this  edition ;  their  convenience  and  space-saving  qualities  are  obvious, 
and  it  is  curious  that  they  have  not  yet  come  into  general  use. 

I.  W.  MEARES. 


London,  21  st  Sejitember,  1916. 
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ELECTRICAL  ENGINEERING 
PRACTICE 

PART  I.— DEFINITIONS  :  MATERIALS  : 
MEASUREMENTS. 

CHAPTER  1. 

EXPLANATION  OF  ELECTRO-TECHNICAL  TERMS. 

Units  and  Definitions. 

(Note. — A  list  of  the  Symbols  and  Abbreviations  used  throughout  this  booh  will  be 
found  in  §§  6  and  7.) 

1.  Units. — As  in  most  other  branches  of  science,  there  are  two 
systems  of  units  for  the  measurement  of  electrical  quantities,  viz. 
absolute  units  and  practical  units.  Absolute  units  are  physical 
constants  which  are  easily  defined,  but  the  measurement  and  actual 
reproduction  of  these  units  are  difficult,  and  the  units  themselves 
are  not  of  convenient  magnitude  for  practical  purposes.  To  over¬ 
come  this  objection,  practical  units  have  been  adopted  which  are 
convenient  multiples  or  sub-multiples  of  the  corresponding  ab¬ 
solute  units.  The  accurate  measurement  and  reproduction  of 
practical  units  on  this  basis  alone  offer  the  same  difficulties  as  in 
the  case  of  the  absolute  units  themselves,  but  special  apparatus  are 
installed  in  the  various  standardisation  laboratories  of  the  world 
to  make  possible  comparisons  between  absolute  standards  and 
practical  standards,  the  latter  being  constructed  or  established  by 
international  agreement.  The  instructions  for  materialising 
practical  units  are  subject  to  periodical  revision  as  the  technology 
of  precision  measurements  is  improved. 

2.  Absolute  Units. — Though  absolute  units  are  seldom  employed  in  practical 
work  (§  1),  it  is  desirable  that  the  practical  engineer  should  be  familiar  with  the 
definitions  and  magnitudes  of  these  units.  Short  definitions  of  the  absolute 
units  and  values  of  the  practical  units  in  terms  of  the  absolute  units  are  given 
in  Table  1. 
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Table  1. — Absolute  and  Practical  Units. 


Practical  Unit.  j 

Quantity. 

Definition  of  Absolute  Unit. 

Name. 

In  Terms  of  the  ; 

Absolute  Unit.  \ 

Force. 

Unit  Force  (1  dyne),  acting  on  a 
mass  *  of  1  gramme  for  1  second, 
imparts  to  it  a  velocity  of  1  cm. 
per  sec. 

Gramme-weight 

=  981  dynes.  ] 

In  '  foot-pound-second  units,  the 
unit  of  force  is  the  poundal  which, 
acting  on  a  mass  *  of  1  pound  for 

1  second,  imparts  to  it  a  velocity 
of  1  ft.  per  sec. 

Pound-weight 

=  32*2  poundals.  I 

1 

Work 

(energy). 

C.G.S.  Unit  Work  (1  erg)  is  done 
by  a  force  of  1  dyne  moving  its 
point  of  application  through  a 
distance  of  1  cm. 

Foot-poundal 

Foot-pound 

Gramme-centi¬ 

metre 

Joule 

Kilowatt-hour 

=  421  390  ergs. 

=  13  568  760  ergs. 

=  981  ergs. 

~  107  ergs. 

=  3*6  x  1018  ergs. 

Power. 

C.G.S.  Unit  Power  is  that  power 
which  is  capable  of  performing 

1  erg  per  sec. 

Watt 

=s  107  ergs  per  sec.  j 

Unit  pole 
or  charge. 

Unit  Magnetic  Pole  or  Electrical 
Charge ,  when  distant  1  cm.  in  air 
from  a  like  and  equal  pole  or 
charge,  repels  (and  is  repelled) 
with  a  force  of  1  dyne. 

Magnetic 

field. 

A  Mag'netic  Field  of  Unit  Strength 
exerts  a  force  of  1  dyne  on  a  unit 
pole  placed  at  the  point  con¬ 
sidered. 

(Note. — This  field  is  arbitrarily 
represented  by  1  line  per  sq.  cm.) 

Gauss 

=  1  line  per  sq.  P 

cm. 

=  flux  density  of  j 

field  of  unit  | 

strength. 

Quantity 
of  elec¬ 
tric  y. 

C.G.S.  Electrostatic  Unit  Quan¬ 
tity  when  distant  1  cm.  in  air 
from  an  equal  quantity  of  like 
polarity,  repels  it  with  a  force  of 
1  dyne. 

Coulomb 
(1  ampere- 
second) 

=  8  x  109  C.G.S.  j 

electrostatic  j 

units. 

..  1 

1 

C.G.S.  Electromagnetic  Unit 
Quantity  is  conveyed  by  1  C.G.S. 
electromagnetic  unit  of  current 
flowing  for  1  sec. 

Coulomb 
(1  ampere- 
second) 

=  TV  x  C.G.S.  ; 

electromagnetic  1 

unit.  ! 

Current. 

C.G.S.  Electrostatic  Unit  Cur¬ 
rent  is  the  current  corresponding 
to  the  flow  of  1  C.G.S.  electro¬ 
static  unit  of  quantity  in  1  sec. 

Ampere 

=  3  x  109  C.G.S. 
electrostatic 
units. 

*  The  distinction  between  mass  and  weight  is  important.  The  mass,  m,  of  a 
weight,  wt  is  given  by :  m  =  W Ig,  where  g  =  32*2  ft.  per  sec.  per  sec.  =  981  cm. 
per  sec.  per  sec. 
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Table  1  ( continued ). 


Practical  Unit. 

Quantity. 

Definition  of  Absolute  Unit. 

Name. 

In  Terms  of  the 
Absolute  Unit. 

Current. 

C.G.S.  Electromagnetic  XJnit 
Current  in  a  wire  1  cm.  long  bent 
into  an  arc  of  1  cm.  radius  exerts 
a  force  of  1  dyne  on  unit  pole 
placed  at  the  centre. 

Ampere 

=  *  x  C.G.S. 
electromagnetic 
unit. 

Potential. 

A  point  is  at  C.G.S.  Electrostatic 
Unit  Potential  if  the  work  done 
on  or  by  positive  unit  charge  in 
moving  from  infinity  to  the  point 
is  1  erg. 

Volt 

=  x  C.G.S. 

electrostatic 
unit. 

There  is  C.G.S.  Electromagnetic 
Unit  Differe?ice  of  Potential  be¬ 
tween  two  points  if  the  work  done 
in  transferring  C.G.S.  electro¬ 
magnetic  unit  quantity  from  one 
point  to  the  other  is  1  erg. 

Volt  • 

=  10s  x  C.G.S. 
electromagnetic 
units. 

Resist¬ 

ance. 

C.G.S.  Electromagyietic  Unit 
Resistance  is  the  resistance  of  a 
conductor  in  which  C.G.S.  electro¬ 
magnetic  unit  current  is  produced 
by  C.G.S.  electromagnetic  unit 
potential  difference  between  the 
ends  of  the  conductor. 

Ohm 

=  10°  x  C.G.S. 
electromagnetic 
unit. 

«  [1/(9  x  1011)]  x 
C.G.S.  electro¬ 
static  unit. 

Capacity. 

C.G.S.  Electrostatic  ( Electro - 
tnagnetic )  Unit  Capacity  is 
brought  to  a  potential  difference 
of  1  C.G.S.  electrostatic  (electro¬ 
magnetic)  unit  by  the  application 
of  C.G.S.  electrostatic  (electro¬ 
magnetic)  unit  quantity  of  elec¬ 
tricity. 

Microfarad  * 
(10  - 6  farad) 

=  9  x  105  C.G.S. 
electrostatic 
units. 

=  10  - 15  x  C.G.S. 
electromagnetic 
unit. 

Self  (or 
mut  u  a  1) 
induct- 
ance. 

The  coefficient  of  self-induction  of 
a  circuit  is  the  number  of  lines  of 
force  linked  with  the  circuit  when 
the  latter  carries  C.G.S.  electro¬ 
magnetic  unit  current.  Two 
circuits  have  C.G.S.  electro¬ 
magnetic  unit  coefficient  of 
mutual  inductance  when  unit 
current  passed  through  one 
circuit  produces  in  the  other  a 
quantity  of  current  =  1/R  C.G.S. 
electromagnetic  units  of  quantity ; 
(R  being  the  resistance  of  the 
second  coil  in  electromagnetic 
units). 

Henry 

=  10°  x  C.G.S. 
electromagnetic 
unit. 

*  1  electrostatic  unit  or  centimetre  =  1*11  micro- microfarad,  and  is  a  conven¬ 
ient  unit  for  very  small  capacities  such  as  are  used  in  wireless  telegraphy. 
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§  3 

It  will  be  seen  that  there  are  two  systems  of  absolute  units,  viz.  the  O.Gr.S. 
(centimetre-gramme-second)  electrostatic  units  and  the  C.G-.S.  electromagnetic 
units.  The  relations  between  the  units  in  each  of  these  systems  are  the  same,  but 
the  actual  dimensions  of  the  electrostatic  and  electromagnetic  units  are  not  the 
same.  This  is  because  specific  inductive  capacity  (§  46)  is  taken  as  a  numeral  in 
the  electrostatic  system  of  units,  whilst  permeability  (§  43)  is  taken  as  a  numeral  in 
the  electromagnetic  system  of  units.  There  is  a  definite  ratio  between  corre¬ 
sponding  electrostatic  and  electromagnetic  units,  1  C.G.S.  electrostatic  unit  of 
potential  being  equal  to  3  x  1010  C.G.S.  electromagnetic  units.  The  factor 
3  x  1010  is  the  velocity  of  light,  in  cm.  per  sec.  The  electromagnetic  unit  of 
quantity  is  larger  than  the  electrostatic  unit  in  the  ratio  3  x  10JO :  1,  hence  the 
electromagnetic  unit  of  capacity  ( see  definition  in  Table  1)  is  (3  x  1010)2  or  9  x  1020 
times  as  great  as  the  electrostatic  unit. 

The  C.G.S.  electromagnetic  absolute  units  are  the  ones  to  which  the  units  of 
the  practical  electrical  engineer  are  generally  referred. 

3.  International  Definitions. — The  international  definitions 
of  the  practical  electrical  units,  viz.  resistance,  R,  the  ohm ;  electro¬ 
motive  force  or  pressure,  E,  the  volt ;  and  current,  I,  the  ampere, 
were  adopted  at  a  conference  held  in  London  in  1908,  and  were 
legalised  by  Order  in  Council  in  1910.  The  explanatory  notes  that 
follow  will  make  clearer  the  definitions  of  these  quantities  and 
their  derivatives.  The  preliminary  explanations  are  by  no  means 
exhaustive,  and  most  of  the  matters  dealt  with  will  be  treated  more 
fully  in  subsequent  chapters,  as  occasion  arises.  The  actual 
definitions  do  not  greatly  concern  the  average  engineer,  but  they 
may  be  set  forth  for  completeness. 

The  International  Ohm  (n)  is  the  resistance  offered  to  an  unvarying  electric 
current  by  a  column  of  mercury  at  the  temperature  of  melting  ice  14-  452  1 
grammes  in  mass  of  a  constant  cross-sectional  area  and  of  a  length  of  106*  300 
centimetres. 

Note. — The  use  of  as  the  symbol  for  megohm  is  no  longer  permissible  ;  see 
footnote  to  Table  3,  §  6. 

The  International  Ampere  (A)  is  the  unvarying  electric  current  which  when 
passed  through  a  solution  of  nitrate  of  silver  in  water  deposits  silver  at  the  rate  of 
0*  001  118  00  of  a  gramme  per  second. 

The  International  Volt  (V)  is  the  electrical  pressure  which  when  steadily- 
applied  to  a  conductor  whose  resistance  is  one  International  Ohm  will  produce  a 
current  of  one  International  Ampere. 

These  definitions  are  further  expanded  in  the  Order  in  Council, 
where  the  particular  standards  and  methods  of  determination  are 
set  forth.*  To  these  may  be  added  also  the  accepted  definition  of 
the  unit  of  power,  the  watt  (W). 

The  Watt  is  the  unit  of  power,  and  is  the  energy  expended  per  second  by  an 
unvarying  electric  current  of  one  ampere  under  an  electrical  pressure  of  one  volt. 


*  The.  Law  Relating  to  Electricity ,  by  0.  M.  Knowles,  part  i,  p.  417. 
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4.  Definitions  from  the  Wiring  Rules  of  the  Institution  of 
Electrical  Engineers. — In  the  course  of  this  work,  especially  in 
the  chapters  on  installing  wiring  in  buildings,  reference  will  fre¬ 
quently  be  made  to  the  I.E.E.  Wiring  Rules. 

The  Kules  embody  the  requirements  and  precautions  which  the  Institution 
of  Electrical  Engineers  has  framed  to  secure  satisfactory  results  with  a  supply  of 
electrical  energy  at  low  pressures,  not  exceeding  250  V,  and  also,  with  such 
additional  requirements  as  are  indicated  herein,  for  medium  pressures  exceeding 
250  V  but  not  exceeding  650  V.  They  include  only  such  requirements  and  pre¬ 
cautions  as. are  necessary  under  ordinary  conditions,  and  they  are  not  intended 
either  to  take  the  place  of  a  detailed  specification,  or  to  instruct  untrained  persons. 

The  rules  contain  a  number  of  generally  accepted  definitions  of 
electrical  terms  and  apparatus,  with  which  these  pages  deal,  and  a 
list  of  these  will  be  found  useful . 

System  means  an  electrical  system  in  which  all  the  conductors  and  apparatus 
are  electrically  connected  to  a  common  source  of  supply.  (Chapter  20.) 

Three-wire  System . — A  three-wire  system  is  one  in  which  three  conductors 
are  maintained  at  different  potentials,  the  neutral  conductor  at  a  potential  inter¬ 
mediate  between  the  highest  and  lowest  being  common  to  all  lamps  or  other 
consuming  devices  supplied  on  either  side  of  the  system.  (Chapter  20.) 

Outer  Conductors. — Those  between  which  there  is  the  greatest  difference  of 
potential.  This  use  of  the  word  outer  must  not  be  confused  with  the  use  of  the 
word  when  applied  to  the  external  conductor  of  a  concentric  main. 

Neutral  Conductor. — That  which  is  at  a  potential  intermediate  between  the 
potentials  of  the  other  conductors.  (Chapter  20.) 

Earthed. — Connected  to  the  general  mass  of  the  earth  in  such  a  manner  as 
will  ensure  at  all  times  an  immediate  and  safe  discharge  of  electrical  energy. 
(Chapter  20.) 

Dielectric. — Any  material  which  offers  high  resistance  to  the  passage  of  an 
electric  current  (§  280). 

Uninsulated  Conductor.  —  A.  conductor  without  provision,  by  the  interposition 
of  a  dielectric  or  otherwise,  for  its  insulation  from  earth. 

Bare. — Not  covered  with  insulating  material. 

Bunched  Conductors. — When  more  than  one  conductor  is  contained  within  a 
single  duct  or  groove,  or  when  they  are  run  unenclosed  and  not  spaced  apart 
from  each  other.  (Chapter  23.) 

Fuse-switch. — A  quick-break  switch  with  fuse  forming  an  integral  part  of  the 
switch. 

Point — In  wiring.  The  termination  of  the  wiring  for  attachment  to  the 
•fitting  for  one  or  more  lamps  or  other  consuming  devices. 

Single-pole  Switch. — A  switch  controlling  one  conductor  only  of  a  circuit. 

Linked  Switches. — Switches  linked  together  mechanically  so  as  to  operate 
simultaneously,  or  in  definite  sequence. 

Switchboard. — An  assemblage  of  switches,  fuses,  conductors,  measuring  in¬ 
struments,  and  other  apparatus  for  the  control  of  electrical  machinery  and  circuits. 

Grade  of  Insulation  250  V  Cable. — Vulcanised  rubber  cable  is  said  to  be  I.E.E. 
250  V  cable  when  the  minimum  radial  thickness  of  its  dielectric  is  that  shown  in 
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col.  9  of  the  table,*  and  when  its  minimum  insulation  resistance  is  that  shown  in 
col.  5  after  application  of  a  pressure  test  of  1  000  Y  for  half  an  hour.f 

Grade  of  Insulation  650  V  Cable. — Vulcanised  rubber  cable  is  said  to  be  I.E.E. 
650  Y  cable  when  the  minimum  radial  thickness  of  its  dielectric  is  that  shown  in 
col.  10  of  the  table,*  and  when  its  minimum  insulation  resistance  is  that  shown 
in  col.  6  after  application  of  a  pressure  test  of  2  500  Y  for  half  an  hour.f 

Protected  Machine. — One  having  end  shield  bearings,  and  in  which  there  is 
free  access  to  the  interior  without  opening  doors  or  removing  covers. 

Semi-enclosed  Machine. — One  in  which  the  ventilating  openings  in  the  frame 
are  covered  with  :  (a)  grids,  expanded  metal  or  wire  gauze,  with  openings  of  not 
less  than  J  in.,  so  as  not  to  obstruct  free  ventilation  ;  ( b )  wire  gauze,  in  which 
the  openings  are  less  than  J  in.  but  not  less  than  in.,  or  with  perforated 
metal  having  holes  not  less  than  in.  (diameter  or  width) ;  (c)  screens  with 
smaller  openings  than  the  above. 

Totally  Enclosed  Machine. — One  in  which  the  enclosing  case  and  bearings  are 
dust-proof,  and  which  does  not  allow  circulation  of  air  between  the  inside  and 
outside  of  the  case. 

Pipe-ventilated  Machine. —An  enclosed  machine  in  which  the  frame  is  so 
arranged  that  the  ventilating  air  may  be  conveyed  to  it  through  a  pipe  attached 
to  the  frame,  the  ventilation  being  maintained  by  the  fanning  action  produced  by 
the  machine  itself. 

Forced-draught  Machine. — An  enclosed  machine  in  which  the  ventilating  air- 
supply  is  maintained  by  an  independent  fan  external  to  the  machine  itself. 

Many  of  the  foregoing  definitions  will  be  expanded  and  further 
explained  in  the  following  chapters. 

5.  Definitions  in  Regulations  and  Standard  Reports. — 
In  official  regulations,  such  as  those  relating  to  the  use  of  electricity 
in  factories,  workshops,  and  mines  (Chap.  41),  and  in  standardisa¬ 
tion  reports  such  as  those  issued  by  the  British  Engineering 
Standards  Association  ( ibid .),  special  definitions  are  given  of  the 
meanings  to  be  attached  to  certain  terms  for  the  purposes  of  the 
regulations,  etc.  Some  of  these  definitions  differ  from  the  meanings 
commonly  attached  to  the  terms  in  question,  and  it  is  important 
that  the  official  interpretations  should  be  studied  carefully. 

Symbols,  Signs,  etc. 

6.  Abbreviations  and  Symbols. — Except  where  otherwise 
stated,  the  symbols  recommended  by  the  International  Electro¬ 
technical  Commission  are  used  throughout  this  book.  Though  all’ 
the  symbols  are  not  here  required  the  list  is  reproduced  in  full, 
save  for  the  omission  of  alternative  symbols  which  are  recom- 


*  See  Table  40,  §  280. 

t  The  pressure  test  and  insulation  resistance  test  must  be  applied  as  specified 
in  Rules  47  and  48  (§  280). 
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mended  by  the  Commission  for  eases  in  which  the  principal  letter 
symbol  is  not  suitable.* 

A  list  of  letter  symbols  most  frequently  needed  in  electro¬ 
technics  is  given  in  Table  2.  Abbreviations  for  names  of  units 
are  given  in  Table  3. 

Rules  for  Quantities. — (a)  Instantaneous  values  of  electrical  quantities  which 
vary  with  the  time  to  be  represented  by  small  letters.  In  case  of  ambiguity,  they 
may  be  followed  by  the  subscript  ‘  t.’ 

(b)  Virtual  or  constant  values  of  electrical  quantities  to  be  represented  by 
capital  letters. 

(c)  Maximum  values  of  periodic  electrical  and  magnetic  quantities  to  be  re¬ 
presented  by  capital  letters  followed  by  the  subscript  ‘  m.  ’ 

(d)  In  cases  where  it  is  desirable  to  distinguish  between  magnetic  and  electric 
quantities,  constant  or  variable,  magnetic  quantities  to  be  represented  by  capital 
letters  of  either  script,  heavy-faced  or  any  special  type.  Script  letters  to  be  only 
employed  for  magnetic  quantities. 

( e )  Angles  to  be  represented  by  small  Greek  letters. 

if)  Dimensionless  and  specific  quantities  to  be  represented,  wherever  possible, 
by  small  Greek  letters. 


Table  2. — Letter  Symbols  Most  Frequently  Needed  in 
Electro-technics . 


Name  of  Quantity. 

Letter 

Symbol. 

Name  of  Quantity. 

Letter 

Symbol. 

Length . 

1 

Resistivity  .... 

P 

Mass . 

m 

Conductance  .... 

Q 

Time . 

t 

Quantity  of  electricity 

Q 

Angles  ..... 

a,  &  7 

Flux-density,  electrostatic 

D 

Acceleration  of  gravity 

9 

Capacity . 

C 

Work . 

A 

Dielectric  constant  . 

€ 

Energy  ..... 

W 

Self-inductance 

L 

Power . 

P 

Mutual  inductance  . 

M 

Efficiency  .... 

V 

Reactance  .... 

X 

Number  of  turns  in  unit  of  time 

n 

Impedance 

Z 

Temperature  centigrade  . 

t 

Reluctance  .... 

s 

Temperature  absolute 

T 

Magnetic  flux  .... 

<$ 

Period . 

T 

Flux  density,  magnetic  . 

B 

2ttIT(  =  2  irf)  . 

CO 

Magnetic  field  .... 

H 

Frequency  .... 

f 

Intensity  of  magnetisation 

J 

Phase  displacement 

<f> 

Permeability  .... 

P 

Electromotive  force  . 

E 

Susceptibility  .... 

K 

Current . 

I 

Difference  of  potential,  electric 

v 

Resistance  .... 

R 

Magnetomotive  force 

+ 

*The  complete  Report  (No.  27)  may  be  purchased  from  the  International 
Electro-technical  Commission  at  28  Victoria  Street,  Westminster,  S.W.  1. 
f  Symbol  to  be  proposed  by  the  National  Committee. 
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Table  3. — Abbreviations  for  Navies  of  Units ;  to  be  used 
only  after  Numerical  Values. 


Name  of  Unit. 

Abbreviation.* 

Name  of  Unit. 

Abbreviation.* 

Ampere  . 

A 

Volt-coulomb 

VC 

Volt  .... 

V 

Watt-hour  . 

Wh 

Ohm  .... 

nt 

Volt -ampere 

VA 

Coulomb 

C 

Ampere-hour 

Ah 

Joule  .... 

J 

Mil  li ampere  . 

mA 

Watt  .... 

W 

Kilowatt 

kW 

Farad  .... 

F 

Kilovolt-ampere  . 

kVA 

Henry  .... 

H 

Kilowatt-hour 

kWh 

m  for  milli-  jm  for  micro-  or  micr- 

k  for  kilo-  M  for  mega-  or  meg- 


Other  abbreviations  used  in  this  book  are  as  follows  : — 


Inch  . 
nita  inch  - 

in. 

mil. 

Power  factor 

P.F.  or  cos  <p. 

Foot  . 

ft. 

British  Thermal  Unit 

B.Th.U. 

Yard  . 

yd. 

Board  of  Trade  Unit 

Mile  . 

ml. 

(or  Kelvin) 

B.T.U.  or  unit. 

Metre  . 

m. 

Standard  wire-gauge  . 

S.W.G. 

Kilometre  . 

km. 

Home  Office 

H.O. 

Centimetre 

cm. 

Board  of  Trade  . 

B.O.T. 

Millimetre  . 

mm. 

International  Electro¬ 

Square 

sq. 

technical  Commis¬ 

Cubic  . 

cu. 

sion  ... 

I.E.C. 

Gramme 

grm. 

British  Engineering 

Kilogramme 

*g* 

Standards  Associa¬ 

Continuous  or 

direct 

tion 

B.E.S.A. 

current  . 

. 

C.C.  or  D.C. 

Institution  of  Elec¬ 

Alternating  current  . 

A.C. 

trical  Engineers 

I.E.E. 

Positive  pole 

+ 

British  Electrical  and 

Negative  pole 

- 

Allied  Manufactur¬ 

Neutral,  D.C. 

+ 

ers’  Association 

B.E.A.M.A. 

Neutral,  A.C. 

N. 

British  Electrical  and 

Earth . 
Horse-power 

(indi- 

E. 

Allied  Industries 

Research  Associa¬ 

cated  or  brake) 
Electrical  horse-power 

I.H.P. ;  B.H.P. 
E.H.P. 

tion 

B.E.R.A. 

7*  Conventional  Signs  for  Electrical  Diagrams. — A 

number  of  conventional  signs  for  electrical  apparatus  are  given  in 
Table  4  About  750  symbols  are  given  in  the  British  Engineering 


*  The  I.E.C.  recommends  that  these  abbreviations  should  be  in  heavy-faced 
type,  but  for  economy  in  printing,  and  following  the  practice  adopted  in  the  I.E.E. 
Journal  and  in  the  technical  press,  ordinary  type  is  used  for  these  abbreviations 
throughout  this  book. 

+  The  letters  0  and  n  are  recommended  provisionally,  a  is  used  in  this  book 
because  0  is  liable  to  be  confused  with  the  numeral  zero.  The  letter  a  should  no 
longer  be  used  for  megohm. 


R 


EXPLANATION  OF  ELECTRO-TECHNICAL  TERMS  §  7 

Standards  Association’s  Report  (No.  108/1922)  on  British  Standard 
Graphical  Symbols  for  Electrical  Purposes.  The  symbols  in  Table  4 
are  consistent  with  the  Standard  Symbols,  and  are  used  in  most 
diagrams  in  this  book  except  where  other  methods  of  representa-. 
tion  are  more  convenient  for  purposes  of  explanation.  The  main 
utility  of  the  Standard  Symbols  is  in  the  preparation  of  plans  and 
connection  diagrams  a  for  commercial  purposes,  and  it  is  most 
desirable  that  they  should  be  used  in  all  such  work. 

Notes . — (a)  Conductors  are  represented  by  lines,  the  thickness  of  which  may 
often  be  varied  to  discriminate  between  main  (heavy  current)  circuits  and  instru¬ 
ment  (or  other  weak  current)  circuits.  Diagrams  may  frequently  be  simplified 
with  advantage  by  using  single  lines  to  represent  circuits  (lead  and  return),  the 
number  of  wires  in  the  circuit  being  then  denoted  by  an  equal  number  of  diagonal 
strokes  across  the  circuit-line  ( see  (4),  Table  4).  Strokes  at  right  angles  to  the 
circuit-line  are  taken  to  represent  that  number  of  complete  circuits  connected  in 
parallel  {see  (5)  Table  4). 

(6)  Connections  between  conductors  should  be  represented  by  a  dot  at  the 
junction.  Lines  crossing  without  a  dot  are  often  used  to  represent  conductors 
which  cross  without  connection  between  them,  but  the  authors  prefer  the  method 
of  indicating  this  definitely  by  a  semicircle  in  one  conductor  at  the  point  of  cross¬ 
ing. 

(c)  Single-phase,  two-phase,  and  three-phase  alternating  currents  are  fre¬ 
quently  represented  in  diagrams  by  1  ~  ,  2  ,  and  3  ~  respectively.  The  only 

objection  to  this  is  that  ~  is  even  more  commonly  used  to  represent  the  fre¬ 
quency  in  cycles  per  sec.,  thus  50  ~  ,  100  ~  ,  etc.  The  risk  of  confusion  is 
slight  because  frequencies  of  1,  2,  and  3  cycles  per  sec.  are  never  used  for 
commercial  purposes.  There  are,  however,  ‘  slip  ’  currents  of  very  low  frequencies 
in  some  A.G.  motors  {see  Chapter  28)  so  that  to  avoid  possibility  of  confusion  it 
seems  best  to  use  the  symbols  1<J>,  2 <£,  and  3<£  where  a  graphical  representation  is 
required  for  single-,  two-,  and  three-phase  currents. 

(d)  Instruments  may  be  represented  by  a  circle,  or  by  an  outline  of  the  shape 
of  the  instrument,  within  which  is  a  letter  symbol  indicating  the  purpose  of  the 
instrument.  Relays  may  be  represented  by  a  rectangular  outline  containing 
appropriate  letter  symbols.  Symbol  letters  for  instruments  and  relays  were 
standardised  by  the  B.E.A.M.A.  in  their  Standardisation  Buies  for  Electrical 
Machinery,  and  these  conventions,  with  minor  modifications,  have  now  been 
standardised  by  the  B.E.S.A.  as  follows  : — 

Ammeter,  indicating  .  .  A.  Frequency  meter  .  .  F. 

Ammeter,  recording  .  .  .  RA.  Synchroscope  .  .  .  S. 

Yoltmeter,  indicating  .  .  Y.  Galvanometer  .  .  .  Gal. 

Yoltmeter,  recording  .  .  RV.  Overload  relay,  constant  time 

Wattmeter,  indicating  .  .  W.  limit . OR/CT. 

Wattmeter,  recording  .  .  RW.  Overload  relay,  inverse  time 

Ampere-hour  meter  .  .  .  AH.  limit . OR/IT. 

Watt-hour  meter  .  .  .  WH.  Reverse  current  relay  .  .  R/CR. 
Power  factor  meter  .  .  .  PF.  Reverse  power  relay  .  .  R/PR. 

(e)  In  the  conventional  sign  for  a  primary  cell  {see  No.  38,  Table  4),  the  thick 
stroke  should  represent  the  electro-positive  element  of  the  cell  (e.g.  the  zinc  in  a 

n 
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Table  4. — Conventional  Signs  for  Electrical  Diagrams. 


o 

Z 

Conventional 

Sign. 

0* 

Z 

Conventional 

Sign. 

• 

Conductors  (a)  Main. 

(6)  Small. 

. iL 

20 

Motor-generator. 

© 

2 

Conductors  (a)  Connected. 

(6)  Crossing. 

a  & 

!  a  or  l  a 

\bV  &TT 

21 

Motor-converter. 

<D 

3 

Twin  flexible  conductors. 

>000000 

22 

Mechanically  -  coupled  ma¬ 
chines  (motor  and  generator 
in  the  case  shown). 

©-© 

4 

Two  (a)  and  three  (b)  wire 
circuits  (lead  and  return). 

-H-  -w- 

m  (b> 

23 

Non-inductive  resistance.} 

/WWW 

or 

JTJTJTJTj 

5 

Two  (cl)  and  three  (b)  circuits 
in  parallel. 

-H-  4H- 

(a)  (b) 

24 

Inductive  winding  (field  coil, 
etc.) 

nnnnr&i nr 

6 

Bus  bar. 

25 

Commutating-pole  winding. 

*  ■■  t  i  j 

7 

Bus  bar  with  terminals. 

f  0  O  O  O  | — 

26 

Transformer. 

8 

Link. 

_ n - rv— 

vJL/ 

9 

Cut-out. 

-oxo- 

27 

Socket  for  plug. 

—o- 

10 

Earth  connection  (a),  and 
plate  (6). 

^  ii 

m  (b) 

28 

Plug  and  socket. 

-oo- 

11 

Generating  station  (a)  Thermal 
(b)  Hydraulic 

29 

Tumblerswitch  (a)  Single-pole. 

(b)  Double-pole. 

12 

Sub-station.* 

□ 

30 

Rotating  switch,  single-pole. 

— o"'xx^o — 

13 

Direct  current  (a)  Generator. 

(b)  Motor. 

'©'SKD- 

31 

Single-pole  switch :  (a)  Air 
break;  (b)  Oil-immersed. 

(a.)  ( 0 > 

14 

Single-phase  (a)  Generator. 

(b)  Motor  (i)  synchronous. 

(ii)  asynchronous. 

=©  =0 
(i) (b)  (ii) 

32 

Air- break  circuit  breaker 
(maximum  trip). 

33 

Contactor. 

15 

Two-phase,  3-wire:  (a)  Gener¬ 
ator;  ( b )  Motor. 

at  ® 

(a)  (b) 

34 

Instruments  and  relays. 

See  Note«i> 

16 

Two-phase,  4-wire :  (a)  Gener¬ 
ator;  (b)  Motor. 

®  ® 
(a)  (6) 

35 

Incandescent  (glow)  lamp. 

^orOorCD 

17 

Three-phase  (a)  Generator. 

(b)  Motor  (i)  synchronous. 

(ii)  asynchronous. 

3g)  S«eNote 

(i) (b)  (ii) 

36 

Arc  lamp. 

-X- 

Fan. 

oo 

18 

19 

Three  -  phase  generator  : 
(a)  Mesh;  (b)  Star. 

a§)  aS) 

(CL)  (6) 

37 

Battery  of  cells.  § 

Rotary  converter. 

-A- 

38 

N.B. — For  notes  (a)-(e).  see  §  7 ;  for  footnotes  see  opposite  page, 

in 
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primary  battery  or  the  spongy  lead  in  an  accumulator)  which  is  the  negative  yole 
of  the  battery  and  the  thin  stroke  the  electro -negative  element  which  is  the  posi¬ 
tive  pole.  There  is  much  confusion  over  this  matter.  Inside  a  cell  the  current 
travels  from  the  electro-positive  to  the  electro-negative  element ;  from  the  zinc  to 
the  carbon ;  from  the  lead  to  the  lead  peroxide  ;  so  in  the  external  circuit  these 
directions  are  necessarily  reversed.  The  arrows  in  diagram  38,  Table  4,  show  this. 

Some  further  conventional  signs  used  in  connection  with  wiring 
diagrams  for  lighting  installations,  are  given  in  Chapter  22. 

Elementary  Conceptions. 

8.  Elementary  Conception  of  Electrical  Quantities. — The 

analogy  between  hydraulics  and  electricity  is  not  in  great  favour 
amongst  electrical  engineers,  bub  it  is  nevertheless  very  useful 
— so  far  as  it  goes — in  explaining  elementary  electrical  ideas. 
Voltage  in  an  electric  circuit  is  analogous  to  water  pressure  in  an 
hydraulic  system,  and  the  rate  of  flow  of  electricity,  measured  in 
amperes,  corresponds  to  the  rate  of  flow  of  water.  Though  there 
is  no  actual  identity,  volts  may  be  likened  to  lbs.  per  sq.  in.,  and 
amperes  may  be  likened  to  gallons  per  min.  or  eusecs. 

Take,  for  example,  the  case  of  the  pressure  pipe  in  a  water 
turbine  installation.  The  power  available  at  the  nozzle  in  foot¬ 
pounds  of  energy  per  sec.  (550  ft.-lbs.  per  sec.  =  1  H.P.)  is  the 
product  of  the  quantity  of  water  flowing  per  sec.  (i.e.  the  rate  of 
flow)  and  the  net  head  or  pressure.  W e  have  a  pipe  of  a  certain 
size,  with  a  certain  weight  of  water  flowing  through  it  per  sec. 
under  a  certain  net  head,  which  is  the  gross  head  diminished  by 
the  loss  in  frictional  resistance  in  the  pipe;  the  larger  the  di¬ 
ameter  of  the  pipe,  the  smaller  is  this  resistance  loss.  Similarly, 
in  an  electrical  circuit,  the  power  available  in  watts  (100  W  = 
0T34  H.P.  =  74  ft.-lbs.  per  sec.)  is  the  product  of  the  current  or 
rate  of  flow  in  amperes,  I,  and  the  pressure  in  volts,  E.  Here,  in 
the  place  of  the  pipe,  we  have  a  conductor  of  a  certain  size,  and 
the  pressure  available  for  doing  work  is  the  initial  pressure  di¬ 
minished  by  the  loss  due  to  the  resistance,  R,  of  the  conductor  to 
the  flow  of  the  current ;  and  the  larger  the  diameter  of  the  con¬ 
ductor  the  smaller  is  the  loss  of  pressure. 


*  In  B.E.S.A.  Report,  No.  108,  there  are  given  various  graphical  symbols  for  insertion  in  the 
square  frame  representing  a  sub-station,  to  denote  the  equipment  installed. 

+  Where  it  is  necessary  to  discriminate,  the  triangular  zig-zag  should  be  used  for  resistances 
which  are  nearly  non-inductive,  and  the  rectangular  zig-zag  for  those  which  are  absolutely  non- 
i  nductive. 

§  The  dotted  line  outside  the  battery  is  not  part  of  the  conventional  sign  but  is  added  for  the 
purpose  of  the  explanation  given  in  Note  ( e ). 
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9.  Elementary  Conception  of  a  Circuit. — This  analogy,  how¬ 
ever,  fails  to  explain  the  idea  of  an  electric  circuit  (Chapter  19),  and 
for  this  purpose  the  circulation  in  an  ordinary  hot-water  installation 
may  he  cited.  From  the  top  of  the  boiler,  as  is  well  known,  a  pipe 
rises  to  the  highest  point  in  the  system,  and  a  current  flows  up  this 
pipe.  The  fire  supplies  the  motive  force,  which  may  he  likened  to 
the  electromotive  force  of  an  electric  battery  or  generator,  and  the 
hot-water  pipe  is  the  out-going  conductor  or  ‘  lead  ’  But  no  cir¬ 
culation  of  water  can  take  place  unless  there  is  a  return  circuit  back 
to  the  boiler,  and  for  this  purpose  a  return  pipe  comes  down  from 
the  top  of  the  building  to  the  lower  part  of  the  boiler.  This  pipe 
corresponds  to  the  4  return  ’  wire  of  an  electric  circuit.  Whereas 
the  closing  of  a  valve  on  the  water  pipe  breaks  the  circuit  and  stops 
the  current,  so  the  opening  of  a  switch  connected  in  the  electrical 
conductor  opens  or  breaks  the  circuit  and  stops  the  electric  current. 
There  is  a  difference,  however,  m  that  the  temperature  of,  and  total 
heat  in,  the  water  stored  in  the  tank  at  the  top  increase  when  no 
supply  is  being  drawn  off,  and  the  circulation  continues  all  the  time ; 
but  in  an  electrical  circuit  there  is  no  such  storage  or  circulation  of 
energy  when  it  is  not  being  utilised.  The  lamps  or  other  consum¬ 
ing  devices  bridge  over  and  complete  the  circuit  between  the  lead 
and  return  wires  ;  and  if  the  lamps  are  removed  (or  if  the  switch 
controlling  them  is  opened,  which  comes  to  the  same  thing)  then  no 
current  can  flow.  The  electromotive  force,  or  the  difference  of 
electric  potential,  between  the  two  wires  remains,  but  as  there  is  no 
conducting  circuit  no  current  can  flow.  Here  the  analogy  with  a 
hot- water  supply  system  holds  good  again ;  for,  although  the  closing 
of  a  valve  causes  the  circulation  to  cease,  the  pressure  remains,  and 
with  it  the  tendency  for  the  flow  to  restart  as  soon  as  it  has  a  path 
open ;  and  the  same  may  be  said  in  the  case  of  the  electric  circuit. 
If  the  pressure  is  excessive  it  may  in  either  case  break  down  the 
opposing  barrier,  by  bursting  the  pipe  or  valve  in  the  one  case  and 
by  sparking  across  the  gap  in  the  circuit  in  the  other.  A  further 
interesting  link  in  this  analogy  may  be  forged  from  the  heat  losses 
in  the  two  circuits :  the  hot- water  pipes  are  radiating  energy 
away  to  the  air,  according  to  their  temperature,  and  heat  units 
supplied  by  the  fuel  are  thus  wasted  ;  similarly  the  electrical  con¬ 
ductors  are  raised  in  temperature  by  the  current  in  them,  and 
heat  units  supplied  by  the  fuel  are  wasted  in  the  form  of  PR 
watts  (§§  17,  49).  A  good  grasp  of  this  general  idea  of  an  electric 
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circuit  will  make  it  easier  to  understand  the  explanations  which 
follow. 


Kinds  of  Current. 

10.  Alternating  and  Continuous  Currents. — The  inter¬ 
national  definitions  of  the  practical  units  of  resistance,  current,  and 
pressure  (§  3)  make  specific  mention  of  'an  unvarying  electric 
current,  ’  i.e.  an  electric  current  which  is  constant  in  magnitude 
and  direction.  Such  a  current  may  he  produced  by  electro¬ 
chemical  action  in  a  primary  battery  (§  127),  but  the  electric 
currents  used  for  commercial  purposes  are  induced  in  the  windings 
of  dynamo-electric  machines  by  alternately  increasing  and  decreas¬ 
ing  the  magnetic  flux  which  passes  through  or  is  ‘  linked  ’  with 
these  windings.  The  process  is  described  in  detail  in  §  132,  but 
for  our  present  purpose  it  is  sufficient  to  say  that  the  periodic 
increase  and  decrease  in  the  flux  linked  with  the  winding  induces 
in  the  latter  an  electromotive  force  which  varies  periodically 
between  positive  and  negative  maxima.  In  other  words,  the 
electromotive  force  (and  the  current,  if  there  is  a  closed  circuit, 
§  9)  alternates  in  direction  and  varies  in  magnitude.  The  cur¬ 
rents  induced  in  the  windings  of  all  dynamo-electric  machines 
(excepting  unipolar  machines,  §  137)  are  alternating ,  but  the 
alternating  electromotive  forces  and  currents  of  the  individual  wind¬ 
ings  can  be  commutated  or  rectified  (§§  13,  132)  and  added 
together  so  as  to  produce  a  substantially  unvarying  electro¬ 
motive  force  and  current  in  the  circuit  supplied  by  the  machine 

(§  14). 

So  far  as  the  internal  arrangements  in  an  installation  are  con¬ 
cerned,  whether  for  lights,  fans,  or  heating,  etc.,  it  generally 
makes  no  practical  difference  whether  the  supply  is  continuous  ox- 
alternating  current.  If  large  motors  or  other  inductive  apparatus 
are  involved  the  case  is  different;  and  where  the  design  of 
machinery  or  the  laying  out  of  a  large  scheme  is  in  question  the 
essential  differences  in  the  systems  must  be  properly  understood. 

11.  Single-Phase  Alternating  Current. — When  a  coil  of 
wire  passes  successively  the  two  poles  of  a  magnet,  as  in  Fig.  1, 
so  as  to  cut  the  lines  of  magnetic  force  at  right  angles,  a  wave  of 
E.M.F.  is  generated,  which  rises  to  a  positive  maximum  as  one 
pole  is  passed,  falls  to  zero,  and  then  rises  to  a  negative  maximum 
as  the  other  pole  is  passed,  as  shown  by  the  full  curve  in  Fig.  1. 
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The  points  A,B,  C,  D,  on  the  pressure  curve  represent  the  E.M.F. 
induced  in  the  coil  when  the  latter  is  successively  in  the  equi¬ 
distant  positions  marked  A,  B,  C,  D,  in  the  left-hand  diagram. 
Assuming  the  ends  of  the  coil  to  be  joined,  so  as  to  make  a  circuit, 
this  E.M.F.  causes  a  corresponding  cycle  of  waves  of  current  to 
flow,  and  we  have  a  simple  ‘  single-phase  5  alternating  current  as 
represented  in  Fig.  1  by  the  dotted  curve.  The  wave  of  E.M.F. 
and  the  consequent  wave  of  current  may  or  may  not  be  coincident 
with  respect  to  time,  i.e.  the  maxima  and  minima  may  or  may 
not  occur  simultaneously ;  in  the  figure  the  waves  are  shown  as 
not  coincident,  i.e.  they  are  somewhat  £out  of  phase.’  Time 
and/or  angle  of  rotation  of  the  winding  being  plotted  from  left  to 
right  in  Fig.  1,  the  dotted  wave  is  behind,  or  ‘lags  ’  with  regard 
to  the  full-line  wave  by  a  time  interval  t  which  is  equivalent  to 


(t  I  T)  x  360°,  i.e.  about  45°  in  the  case  illustrated.  In  some  cases 
(see  also  §§  46  and  47  and  Chapter  5)  the  current  wave  is  ‘lead¬ 
ing,’  i.e.  ahead  of  the  pressure  wave  as  regards  relative  position 
or  ‘  phase.'  The  further  explanation  of  this  phenomenon,  and  of 
the  peculiarities  of  alternating  currents  generally,  is  deferred  to 
§§  29-31,  44-47,  56 ;  for  the  present  it  will  be  sufficient  to  assume 
that  the  current  or  pressure  will  be  what  is  indicated  in  amperes 
or  volts  on  a  suitable  measuring  instrument. 

Theoretically  the  wave  is  treated  as  a  simple  harmonic  wave 
or  ‘  sine  wave.’  By  means  of  the  oscillograph  the  exact  shape  of 
the  wave  form  can  be  seen  or  photographically  recorded,  just  as 
the  inner  working  of  the  steam  in  an  engine  cylinder  can  be  shown 
by  an  indicator  diagram.  In  this  way  the  irregularities  from  the 
true  sine  wave  form  can  be  examined,  and  in  some  cases  they  may 
be  of  considerable  importance.  As  in  an  alternating  current  the 
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direction  is  reversed  each  half-cycle,  alternating  current  cannot 
be  used  for  electrochemical  deposition  or  any  work  of  that  nature  ; 
for  the  work  done  in  one  half-cycle  would  be  undone  in  the  other 
half.  A  continuous  current  must  be  used  in  such  cases,  and  its 
(conventional)  direction  must  be  correct  when  the  circuit  is  made 
(§  127).  For  electric  lighting  or  heating  or  motive  power  either 
continuous  or  alternating  current  can  be  used.  To  obtain  O.C. 
from  an  A.C.  supply  a  motor-generator,  converter,  or  rectifier 
must  be  used  (Chapter  17). 

12.  Cycles  or  Periods. — The  complete  double  wave  of  an 
alternating  E.M.F.  or  current  is  called  a  ‘cycle’  or  ‘period,’  and 
the  number  of  periods  per  sec.  is  called  the  ‘  frequency  ’  or 
‘  periodicity.’  The  standard  frequency  of  the  British  Engineering 
Standards  Associations  is  50  periods  per  sec.  with  25  periods 
as  a  secondary  standard  to  meet  special  cases.  American  practice 
favours  60  cycles  per  sec.  as  the  standard  (§  135).  For 
electric  traction  work,  a  frequency  of  15  periods  is  often  used; 
with  this  low  frequency  a  glow-lamp  actually  shows  the  alterna¬ 
tions,  for  as  the  wave  of  current  dies  down  to  zero  the  filament  of 
the  lamp  cools  down  and  the  light  diminishes.  The  result  is  a 
succession  of  flickers.  On  the  other  hand,  it  may  be  mentioned 
that  frequencies  of  10  000  alternations  or  more  per  sec.  are 
used  in  wireless  telegraphy. 

13.  Rectified  Current. — If  the  arrangements  are  such  that 

the  waves  below  the  zero  line  in  Fig.  1  are  reversed,  we  then  have 
a  unidirectional  or  rectified  alternating  current  ( see  Chapter  17). 
The  generator  illustrated  in  Fig.  1,  having  only  a  single  armature 
coil,  would  give  such  a  current.  Fig.  2  shows  the  form  of  the 
rectified  wave.  If  there  is  a  de¬ 
finite  break  between  successive 
waves,  this  becomes  an  4  interrupted 
current’  such  as  is  found  in  an 
electric  bell  or  an  X-ray  coil,  Fig.  2.— Rectified  alternating 

whether  worked  by  an  ordinary 

4  make  and  break  ’  magnet  and  spring  or  by  a  mechanical  inter¬ 
rupter. 

14.  Continuous  Current. — A  very  near  approach  to  a  steady 
unidirectional  or  ‘continuous’  current,  such  as  is  given  by  a 
battery,  is  generated  by  a  dynamo,  in  which  the  waves  of  current 
generated  by  each  coil  successively  are  rectified  by  the  commutator 
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and,  rapidly  succeeding  one  another,  give  almost  a  straight  line  on 
the  crest  of  the  resultant  wave.  This  is  shown  developed  gradually 
in  Fig.  3.  If  the  generator  makes  15  or  20  revs,  per  sec.  and 
the  commutator  has  60  or  80  sections,  it  is  evident  that  there 
can  be  no  appreciable  fluctuation  as  the  collecting  brush  passes 
from  one  section  to  the  next. 


15.  Three-Phase  Current. — For  transmission  of  power  over 
long  distances  ‘  3-phase  ’  alternating  current  is  now  almost  uni¬ 
versal.  Referring  back  to  Fig.  1,  one  complete  cycle  of  pressure 
or  current  (corresponding  in  a  two-pole  machine,  to  one  revolution, 
i.e.  360°  rotation  of  the  armature)  may  be  represented  as  starting 
at  zero,  rising  to  a  positive  maximum  at  90°,  cutting  the  zero  line 
again  at  180,°  rising  to  a  negative  maximum  at  270°,  and  ending 
at  360°.  In  a  3-phase  generator,  there  are  three  windings 


(represented  by  I,  II,  III ,  Fig.  4)  spaced  120°  apart.  Thus,  in 
addition  to  the  pressure  wave  I,  there  is  a  second  independent 
wave  generated  in  the  winding  II,  and  a  third  wave  generated  in 
the  winding  III.  The  three  waves  are  exactly  similar,  but  are 
displaced  120°  from  each  other.  As  shown  in  the  diagram  the  three 
windings  are  ‘star-connected’  (§  143)  to  a  common  neutral  point 
O,  but  the  action  is  just  the  same  if  each  winding  be  led  out  to  a 
separate  pair  of  slip-rings.  The  use  of  six  slip-rings  and  six  wires 
in  the  external  circuit  is  unnecessary  because  the  algebraic  sum  of 
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the  currents  in  any  two  phases  of  a  3-phase,  3-wire  system  is 
always  equal  and  opposite  to  the  current  in  the  third  phase,  hence 
each  pair  of  conductors  can  be  considered  to  act  as  the  return 
path  for  the  current  in  the  third  conductor.  There  are,  however, 
three  separate  and  distinct  waves  of  E.M.F.,  each  producing  a 
separate  current  when  the  circuit  is  closed.  The  3-phase  system 
makes  possible  the  greatest  practical  economy  in  the  transmission 
of  power  (but  see  §298);  it  is  explained  further  in  Chapters  14 
and  20. 

16.  Two-Phase  Current. — It  is  only  necessary  to  mention 
that  2-phase  supply — with  an  angle  of  90°  between  the  phases — 
has  been  used  considerably  in  the  past ;  but  the  greater  economy 
of  3-phase  current  has  rendered  this  system  almost  obsolete.  The 
2 -phase  system  is  not  dealt  with  in  this  book. 


Fig.  5. — Two-phase  current. 

For  the  sake  of  completeness,  Fig.  5  is  included  This  diagram 
is  arranged  similarly  to  Figs.  1  and  4,  and  is  self-explanatory. 

Ohm’s  Law. 

17.  Ohm’s  Law. — The  relation  between  resistance,  B ,  pressure 
or  electromotive  force,  and  current  or  intensity  of  current,  I} 
assuming  all  to  be  unvarying,  is  expressed  by  Ohm’s  Law  as  follows : 
The  strength  of  the  current  varies  directly  as  the  electromotive 
force  and  inversely  as  the  resistance  of  the  circuit,  or — 

/=  E  JR,  or  R  «  E /I,  or  E  =  IR. 

As  mentioned  already  in  §  8,  the  product  of  E  and  I  expresses 
the  power  in  the  circuit  in  watts,  W,  which  is  directly  comparable 
to,  and  convertible  into,  horse-power.  By  definition  watts  =  El. 
But  E  =  IR.  Therefore  watts  =  PR  (§§  48-50).  In  succeeding 
vol.  1.  17  2 
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paragraphs  examples  will  be  given  of  the  practical  working  of 
this  rule ;  its  application  is  not  always  so  simple  as  may  appear  at 
first  sight  (§§  21,  28,  44,  49,  etc.). 

Ohmic  resistance  does  not  alone  determine  the  resistance  to 
current  flow  in  AC.  circuits,  hence  a  modified  form  of  Ohm’s  Law 
must  be  used  for  these  circuits  (§  44). 

Resistance. 

i8.  Resistivity  and  Conductance. — The  resistivity  or  specific 
resistance  of  a  material  is  the  electrical  resistance  between  opposite 
faces  of  a  unit-cube  of  the  material  at  specified  temperature. 
Generally  the  specific  resistance  is  expressed  in  microhms  per 
centimetre-cube*  (or  per  inch-cube)  at  0°  C.  (§  61),  or  in  ohms 
per  mil-foot.,  i.e.  per  foot  of  wire  of  1  mil  diameter.  (1  £1  per 
mil-foot  =  0*  166  microhm  per  cm.-cube.  1  microhm  per  cm.-cube 
=  6*  015  fl  per  mil-foot). 

The  resistance  between  two  opposite  faces  of  a  1  cm.-cube  of  a  material  is 
termed  the  volume  resistivity  of  the  material.  Denoting  this  by  pv  n ,  the  resist¬ 
ance  R  of  a  uniform  wire  of  length  l  cm.  and  cross-section  A  sq.  cm.  is :  R  — 
ppZ  {An.  If  the  density  of  the  material  be  D  grin.  \  cu.  cm.,  the  mass  m  of  the 
wire  considered  is  :  m  =  IAD  grm.,  hence  A  =  m  /  ID.  Substituting  this  value  for 
A  we  have  R  =  pv  Dl2  /  m.  The  product  pvD  does  not  vary  with  the  dimensions  of 
the  wire,  and  is  called  the  mass  resistivity  ( pm )  of  the  material.  The  coefficients 
pv ,  D ,  and  pm  all  vary  with  temperature. 

It  is  usual  to  express  pv  in  microhms  per  cm.-cube.  The  resistance  R  a,  of  a 
uniform  wire  L  metres  long  and  of  mass  m  grm.  is  then  given  by  R  ~  p-ml-P  /  m; 
where  pm  =  pvD  /  100.  Thus  for  copper  pm  =  0*  153  28  a  at  20°  C.  (§  62)  and  the 

resistance  of  a  wire  5  metres  long  and  of  mass  50  grm.  is  R  =  0'  153  x  (5)i  /  50  = 
0*076  5  n  (approx.). 

Conductance  is  the  reciprocal  of  resistance,  1  JR,  and  is  ex¬ 
pressed  in  ‘ mhos, ’  a  coined  word  obtained  by  writing  ‘ohm’ 
backwards.  The  use  of  this  term  is  explained  further  in  Chapter 


*  It  is  essential  to  use  the  term  centimetre-cube  (or  inch-cube)  and  not  the 
term  cubic  centimetre  (or  cubic  inch)  in  this  connection.  The  resistance  of  1  cm  - 
cube  of  copper  is  about  1*6  microhms  at  0°  C.  The  resistance  of  1  cu.  cm.  of 
copper  is  1-6  microhms  if  the  metal  is  in  the  form  of  a  1  cm.-cube,  but  since  the 
resistance  of  a  conductor  is  directly  proportional  to  its  length  and  inversely  pro¬ 
portional  to  its  cross-sectional  area,  it  is  1*6  x  100  x  100  «  16  000  microhms  « 
0*  016  a  if  the  1  cu.  cm.  of  metal  is  in  the  form  of  a  wire  1  m.  long  and  1  sq.  mm. 

croas.oAnf.inn  °  -1 
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19.  Ohms,  Megohms. — Resistance  is  expressed  in  ‘  ohms  ’  in 
all  ordinary  cases,  when  dealing  with  conductors  or  conducting 
circuits.  If,  however,  the  resistance  of  a  nominally  insulating 
body  is  required  a  higher  unit  is  desirable,  and  the  result  is 
expressed  in  ‘  megohms,’  i.e.  millions  of  ohms.  Thus,  in  the  case 
of  insulated  wires  and  cables,  the  covering  or  ‘dielectric’  of  a 
particular  quality  will  be  guaranteed  to  have  an  ‘insulation 
resistance  ’  of  not  less  than  300,  600,  or  2  000  megohms  per  ml. 
at  a  certain  temperature,  as  explained  more  particularly  in  §  281. 

20.  Standard  Resistances. — For  accurate  electrical  measure¬ 
ments  by  means  of  the  potentiometer  (§  95)  standard  comparison 
coils  of  1  £1,  and  decimal  multiples  up  to  a  megohm  or  sub¬ 
multiples  down  to  O'OOl  of  an  ohm,  are  used;  for  these  the 
alloy  manganin  is  generally  employed,  as  its  temperature  co¬ 
efficient  is  almost  negligible.  These  are  called  ‘  standard  resist¬ 
ances  ’ ;  they  are  also  used  in  some  portable  testing  sets  ( see  §  106). 
In  order  to  reduce  the  amount  of  metal  used  in  standard  resist¬ 
ances  for  large  currents  they  are  frequently  made  tubular  and 
water  circulates  through  them. 

21.  Internal  and  External  Resistance. — In  a  complete 
circuit,  carrying  a  current  from  a  battery  or  other  source  of  power 
included  in  it,  the  total  resistance  is  made  yip  of  the  ‘  internal 
resistance  ’  of  the  battery  or  generator  and  the  £  external  resist¬ 
ance  ’  consisting  of  the  remainder  or  working  part  of  the  circuit. 
This  must  not  be  overlooked  in  applying  Ohm’s  Law.  A  battery 
(§  127)  of  small  cells  may  easily  be  connected  in  series  so  as 
to  have  a  total  pressure  of  1  000  Y  on  ‘  open  circuit,’  i.e .  with  no 
external  connection  from  pole  to  pole ;  but  if  a  conductor  having 
a  resistance  of  1  £1  is  connected  across  its  terminals  the  current 
in  the  circuit  will  not  be  1  000  A  or  perhaps  not  even  1  A ;  for  to 
the  external  resistance  of  1  X2  must  be  added  the  very  high 
internal  resistance  of  the  whole  of  the  cells.  In  this  case  I  =  E  /  R 
may  be  written  I  =  E  /  (R  +  r),  where  R  and  r  are  the  external 
and  internal  resistances  respectively. 

Pressure. 

22.  Definition  of  Pressure. — The  term  ‘  pressure  ’  or  electro¬ 
motive  force  (E.  or  E.M.F.)  is  defined  in  more  than  one  way  in 
the  regulations  of  the  Board  of  Trade  and  the  Home  Office,  but 
the  variations  are  not  material.  The  following  is  explicit : — - 


Pressure  means  the  difference  of  electrical  potential  between 
any  two  conductors  through  which  a  supply  of  energy  is 
given,  or  between  any  part  of  either  conductor  and  the 
earth,  as  read  by  a  hot-wire  or  electrostatic  voltmeter. 

Low  Pressure  means  a  pressure  in  a  system  normally  not 
exceeding  250  V  where  the  electrical  energy  is  used. 

Medium  Pressure  means  a  pressure  in  a  system  normally 
above  250  V,  but  not  exceeding  650  V,  where  the  electrical 
energy  is  used. 

High  Pressure  means  a  pressure  in  a  system  normally  above 
650  V,  but  not  exceeding  3  000  V,  where  the  electrical 
energy  is  used  or  supplied. 

Extra-high  Pressure  means  a  pressure  in  a  system  normally 
exceeding  3  000  V  where  the  electrical  energy  is  used  or 
supplied. 

The  reference  to  normal  pressure  refers  to  the  variations 
which  are  permitted  by  the  regulations  for  public  supply. 

The  phrase  ‘  difference  of  potential  ’  or  c  potential  difference 7 
(P.D.),  used  in  the  above  definition,  is  frequently  used  in  dis¬ 
cussing  the  electrical  conditions  in  a  circuit ;  the  technical  dis¬ 
tinction  between  the  two  modes  of  expression  will  be  grasped  as 
the  reader  proceeds.  The  nature  of  alternating,  as  opposed  to 
continuous  current  has  already  been  discussed  (§§  11-16),  and  the 
meaning  of  the  term  ‘pressure’  as  applied  to  an  alternating 
current  supply  is  further  elucidated  in  §§  29-31. 

23.  British  Standard  Pressures. — In  Report  No.  77,  1921, 
the  British  Engineering  Standards  Association  specifies  British 
standard  electrical  pressures  for  new  systems  and  installations 
as  follows : —  / 

(a)  Direct  Current  Systems  and  Installations. 

(i)  Consumer’s  pressures  * — 220,  440  V. 

(ii)  Station  pressures.f — 242,  484  V. 

(b)  Alternating  Current  ( 3-phase )  Systems  and  Installations . 

(i)  Consumer’s  pressures.* — 240  V  between  neutral  and 
principal  conductors ;  416  V  between  phases. 

‘  Consumer  s  pressure  ’  denotes  the  pressure  at  the  consumer’s  terminals 
declared  by  the  supplier. 

f  ‘  Station  pressure  ’  denotes  the  normal  pressure  applied  to  the  terminals  of 
the  transmission  line  at  the  generating  station  or  substation. 
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(ii)  Station  pressures  * — 264  V  between  neutral  and  prin¬ 
cipal  conductors  ;  457  V  between  phases. 

(c)  Extra  High  Pressures . 

(i)  Delivered  pressures.f — 3  000,  6  000,  10  000,  30  000, 

60  000,  100  000,  120  000  V. 

(ii)  Station  pressures  * — 3  30&,  6  600,  11  000,  33  000, 

66  000,  110  000,  132  000  V. 

The  consumer  s  or  declared  pressures  are  the  standard  pres¬ 
sures,  the  station  pressure  being  derived  in  each  case  by  adding 
to  the  declared  pressure  the  pressure  lost  (§  24)  in  the  line  when 
carrying  its  full  load;  unless  otherwise  specified,  this  loss  shall 
be  assumed  to  be  such  as  to  give  the  station  pressures  shown 
above. 

Earlier  standards  of  pressure  for  D.C.  and  A.C.  systems  (given 
in  the  third  edition  of  this  book,  p.  10)  will  necessarily  be  repre¬ 
sented  in  existing  installations  for  many  years  to  come.  The 
actual  consumer’s  voltages  in  different  supply  areas  are  given  in 
various  annual  publications.  J 

Pressures  up  to  232  000  V  are  already  in  use  for  the  trans¬ 
mission  of  power. 

24.  Loss  of  Pressure. — In  any  conductor  carrying  a  current 
there  is  a  drop  of  pressure,  increasing  both  as  the  length  and 
consequent  resistance  of  the  conductor  increases,  and  also  in 
direct  proportion  to  the  current.  Professor  Fleming  pointed  out 
many  years  ago  that  the  hydraulic  gradient  in  a  water  pipe  offers 
an  exact  analogy  to  the  pressure  gradient  in  a  conductor.  Be¬ 
tween  any  two  points  in  a  pipe  line,  connected  to  a  reservoir  at 
one  end  and  discharging  at  the  other,  there  is  a  difference  of 
‘water  motive  force’  or  pressure,  urging  a  flow  of  so  many 
gallons  per  sec  (according  to  the  resistance  of  the  pipe)  between 
those  points ;  there  is  thus  a  gradual  fall  of  pressure  (the 
hydraulic  gradient)  all  along  the  pipe.  Similarly,  along  an  electric 
conductor,  there  is  a  gradual  fall  of  pressure  or  pressure  gradient ; 
and  it  is  the  difference  of  pressure  or  potential  between  any  two 


*  *  Station  pressure  ’  denotes  the  normal  pressure  applied  to  the  terminals  of 
the  transmission  line  at  the  generating  station  or  substation. 

•f‘  Delivered  pressure  ’  denotes  the  normal' pressure  at  the  terminals  of  the 
transmission  line  at  the  delivery  end. 

X  The  most  nearly  complete  list  is  probably  that  in  the  Practical  Electrician's 
Pocket  Book  (Rentell). 
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points  which  causes  a  current  to  flow,  the  strength  depending  or 
the  resistance  offered  by  the  conductor.  The  loss  in  volts  in  any 
part  of  the  circuit  is  the  product  of  the  current  in  amperes  and 
the  resistance  of  that  part  of  the  circuit  in  XI  Thus  if  a  uniform 
wire  100  ft.  long  has  a  steady  current  flowing  in  it  that  causes  a 
drop  of  pressure  of  100  V  in  the  whole  length,  then  there  will  be 
a  drop  of  1  V  per  foot  run  ;  this  principle  is  utilised  in  the  potentio¬ 
meter  (§  95). 

By  way  of  example,  let  it  be  assumed  that  100  A  are  trans¬ 
mitted  from  a  source  of  supply  to  a  piece  of  apparatus  by  a  pair 
of  wires  each  a  mile  long,  having  a  total  resistance  of  0*79  O 
(=  No.  3/0  S.W.G.  copper  wire),  then  the  drop  in  pressure  on  the 
line  will,  by  Ohm’s  Law,  be  0*79  x  100  =  79  V.  If,  then,  the 
pressure  at  the  generator  is  2  200  V,  the  available  pressure  for 
use  at  the  far  end  will  be  2  121  V.  The  difference  is  called  the 
‘  lost  volts  ’  (especially  in  the  case  of  the  drop  of  pressure  in  the 
conductors  or  ‘  windings  ’  of  a  generator)  or  simply  the  ‘  drop  in 
pressure.’  In  the  case  of  alternating  current  supply  the  problem 
is  less  simple  than  in  the  above  example,  and  is  referred  to  later 
(§  44  and  Chapter  14). 

Although  in  a  particular  case  we  may  be  dealing  either  with 
the  pressure  between  two  conductors  or  with  that  between  one 
conductor  and  {  earth,’  the  latter  case  is  perhaps  the  best  to  con¬ 
sider  from  the  elementary  standpoint,  as  it  is  also  when  dealing 
with  3-phase  alternating  currents  (§§  302,  313).  Just  as  the 
pressure  or  degree  of  vacuum  of  air  or  water  is  ordinarily  reckoned 
by  its  departure  above  or  below  normal  atmospheric  pressure, 
so  electrical  pressures  may  be  expressed  in  relation  to  ‘  earth 
potential,’  either  positively  or  negatively.  There  will  be  a  pres¬ 
sure  gradient  along  a  wire  carrying  a  current,  and  it  can  be 
measured  by  voltmeters  connected  between  line  and  earth  at 
different  points,  just  as  a  pressure  gauge  would  show  different 
readings  at  various  points  along  a  horizontal  water  pipe  discharg¬ 
ing  under  an  imposed  pressure.  In  both  cases,  the  instruments 
would  show  a  steady  static  pressure  at  all  points  if  the  flow  ceased. 

Current. 

25.  Amperes. — That  a  clear  conception  of  an  electric  current 
or  of  an  ampere  is  difficult  to  inculcate  is  clear  from  the  refer¬ 
ences,  so  common  in  newspapers,  to  ‘  currents  of  2  000  V  ’  and 
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the  like.  Such  ideas  are  survivals  from  the  days  Indore  a  , scien¬ 
tific  system  of  units  had  been  evolved  and  co-ordinated  in  Ohm  s 
Law  (§  17).  From  what  has  been  written  above  it  will  bn  seen 
that  the  strength  of  current  in  a  circuit,  in  amperes,  depends  on 
the  other  two  factors  of  resistance  and  pressure.  By  Ohm's  Law, 
if  the  standard  pressure  of  a  supply  is  (say)  200  V,  a  piece  of 
apparatus  connected  thereto,  and  taking  a  current  of  I  A,,  will 
have  a  resistance  of  220  fl;  and  another  apparatus,  having  a 
resistance  of  80  fl  will  take  2f  A.  A  reference,  however,  to  §  17 
will  show  that  this  is  only  true  of  an  unvarying  current,  and 
therefore  when  alternating  currents  are  being  considered  the 
statement  requires  modification,  as  explained  in  due  course  (§  44); 
the  meaning  of  the  term  ‘  ampere  9  when  applied  to  an  alternating 
current  is  explained  in  §  29  and  the  examples  following  refer  to 
continuous  current.  A  pressure  of  no  matter  how  many  thousand 
volts  may  exist  between  two  wires,  side  by  side,  but  it  will  produce 
no  flow  of  current  unless  and  until  there  is  a  path  or  circuit  lor 
it  from  one  wire  to  the  other.  If  there  is  no  such  circuit  the 
resistance  is  infinite  and  the  current  zero.  For  example,  a  steam 
engine  is  driving  a  large  dynamo,  maintaining  a  pressure  of  500 
V  between  its  terminals,  but  if  the  external  circuit  is  not  cloned 
there  will  be  no  current.  If  a  crowbar  is  now  dropped  across  these 
terminals  the  circuit  will  be  closed ;  the  resistance  of  the  crowbar 
is  so  small  that  the  current  momentarily  flowing  will  only  be 
limited  by  the  internal  resistance  of  the  coils  of  wire  in  the 
generator,  and  it  may  amount  to  many  thousands  of  amperes. 
The  power  supplied  to  this  ‘short-circuit'  from  the  plant  may, 
for  a  moment,  be  enormously  in  excess  of  that  which  either  engine 
or  generator  is  intended  to  give,  or  is  capable  of  giving  for  any 
length  of  time,  as  the  whole  of  the  stored  mechanical  energy  of 
the  revolving  machinery  is  dissipated  in  heat  in  an  instant;  and 
the  dynamo — or  what  is  left  of  it — comes  to  rest  immediately  in 
consequence. 

The  difficulty  that  students  certainly  experience  in  coming  to 
grips  with  the  ampere  as  a  unit  arises  no  doubt  from  the  fact 
that  it  is  a  complex  unit  instead  of  a  simple  one  like  the.  pound 
or  the  gallon.  As  mentioned  in  the  preface  to  the  third  edition 
(p.  vii),  an  exact  parallel  to  the  ampere  is  the  term  ‘(msec’ 
often  used  in  hydro-electric  work,  representing  water-flow  at  the 
rate  of  one  cubic  foot  per  second  or  a  4  second-foot.'  The  ampere 
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is,  properly  speaking,  a  coulomb-second  or  a  flow  of  the  definite 
quantity  of  electricity  represented  by  a  coulomb  (§  28)  per  second 
of  time.  As  ordinarily  used,  however,  the  factors  are  so  defined 
that  it  appears  as  though  the  coulomb  were  derived  from  the 
ampere  instead  of  vice  versa.  This  is  in  fact  a  much  more  con¬ 
venient  way  in  dealing  with  power  problems,  while  in  physics  the 
quantity  basis  is  more  generally  used. 

26.  Milliamperes. — When  dealing  witli  very  small  currents 
it  is  convenient  to  have  a  smaller  unit  than  the  ampere,  and  the 
milliampere,  mA  ( =  one-thousandth  part  of  an  ampere)  is  used. 
In  dealing  with  voltmeter  currents,  telegraphy,  and  electro¬ 
medical  work  this  term  (or  the  still  smaller  micro-ampere  =  one- 
millionth  ampere)  is  generally  used.  Leakage  currents  in  a 
domestic  installation  are  generally  of  this  order,  as  shown  in  the 
examples  in  Chapter  40. 

27.  Currents  in  Wires  ;  Current  Density. — As  the  pressure 
of  supply  is  generally  a  fixed  quantity,  the  power  taken  by  any 
piece  of  apparatus  (expressed  in  watts  =  E  x  I)  will  be  propor¬ 
tional  to  the  current.  The  size  of  the  wires  used  depends  primarily 
on  the  current  they  have  to  carry ;  if  a  wire  is  too  small  the  loss 
of  volts  due  to  its  resistance  may  be  such  as  to  offect  the  use  of 
the  apparatus.  For  example,  if  a  house  is  supplied  at  100  V 
pressure,  and  the  loss  of  pressure  between  the  point  of  entry  and 
a  certain  lamp  is  6  V,  that  lamp  will  only  get  94  V ;  if  it  is 
designed  for  100  V  the  actual  candle-power  will  not  be  nearly 
what  it  should  be.  Again,  the  wire  may  be  overheated  if  carry¬ 
ing  more  than  its  proper  current;  the  amount  of  the  heat 
developed  is  proportional  to  the  square  of  the  current,  and  is 
exactly  commensurate  with  the  watts  PR  dissipated  in  the  con¬ 
ductor.  (This  is  true  also  of  alternating  currents.)  The  cross- 
sectional  area  of  copper  wires  is  given  in  the  tables  (which  will 
be  found  later  on  in  §§  280  and  307)  in  decimals  of  an  inch,  so 
that  the  current  they  will  carry  at  1  000  A  per  sq.  in.  ‘  current 
density5  can  be  read  off*  directly;  thus,  area  0*  100,  current  100, 
etc.  Until  recently  1  000  A  per  sq.  in.  was  generally  adopted 
as  the  rule-of-thumb  limit  of  safety  for  the  current  carry¬ 
ing  capacity  of  wires  used  in  house  wiring;  now,  as  the  tables 
referred  to  will  show,  it  has  ceased  to  be  significant,  and  the  per¬ 
missible  current  is  determined  by  formulae  with  an  experimental 
basis.  Obviously  a  bare  wire,  or  one  thinly  covered  only,  will 
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radiate  its  heat  much  more  rapidly  than  a  heavily  insulated  wire 
(§  328) ;  and  the  radiating  surface  of  the  insulating  covering  of  a 
small  wire  will  be  relatively  greater  than  that  of  a  large  wire,  if 
the  radial  thickness  of  the  insulation  is  the  same  in  both  cases. 

28.  Ampere-hours. — As  shown  at  the  end  of  §  25  a  coulomb 
is  a  definite  quantity  of  electricity,  comparable  to  a  quantity  of 
any  ordinal  matter,  and  it  is  equal  to  10"1  absolute  C.G.S. 
units  of  electricity  (see  Table  1,  §  2).  In  practice,  however,  it 
is  more  convenient  to  regard  the  coulomb  as  the  quantity  of 
electricity  due  to  a  flow  of  1  ampere  in  one  second,  i.e.  an 
‘  ampere-second.’  More  commonly,  quantities  of  electricity  are 
expressed  in  'ampere-hours,’  the  ampere-hour  (1  All  =  3  600  C) 
being  in  fact  the  practical  unit  of  quantity  of  electricity. 

The  term  ampere-hour  is  used  in  the  charging  and  discharging 
of  batteries,  electroplating,  or  any  other  electro-chemical  process. 
Take,  for  example,  a  battery  consisting  of  three  motor-car  £  ignition 
cells,’  having  a  working  pressure  of  6  Y ;  the  pressure,  be  it 
noted,  is  2  Y  per  cell  without  any  regard  to  their  size  (Chapter  18). 
A  particular  size,  from  a  catalogue,  is  stated  to  have  a  ‘  capacity  ’ 
of  60  Ah.  If  the  working  current  is  kept  within  recognised  limits 
the  60  All  could  be  given  by  a  current  of  2  A  for  30  hours  or 
1  A  for  60  hours,  and  so  on ;  the  capacity  of  the  cells  for  dis¬ 
charging  would  in  actual  practice  be  slightly  larger  as  the  current 
decreases  and  the  time  increases,  but  this  may  be  waived  for  the 
present.  The  battery  in  question  would  ordinarily  be  charged  at 
the  rate  of  4  A  for  a  period  of  about  15  hours,  after  a  complete 
discharge  within  the  allowable  limits.  This  affords  an  opportunity 
for  another  illustration  of  the  working  of  Ohm’s  Law.  Suppose 
that  the  owner  desires  to  buy  a  small  generator  for  charging  these 
cells.  Now  the  pressure  of  the  three  cells,  as  stated  above,  is  6  V, 
and  this  pressure  is  a  ‘back  E.M.F.’  in  direct  opposition  to  the 
pressure  of  the  generator.  If  therefore  the  latter  were  incapable 
of  a  greater  pressure  than  6  V  the  two  pressures  would  exactly 
balance,  and  no  current  would  flow.  In  point  of  fact  the  generator 
pressure  would,  towards  the  end  of  the  charging  process,  have  to 
rise  nearly  to  9  V  in  order  to  force  4  A  through  the  cells.  There 
is  no  contradiction  of  Ohm’s  Law  here ;  the  effective  pressure  E 
is  in  this  case  the  difference  between  the  two  opposing  pressures 
of  generator  and  cells,  and  it  must  be  sufficient  to  overcome  the 
resistance  B  made  up  of  the  internal  resistance  of  the  cells  and 
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the  external  resistance  of  the  circuit;  i.e.  I  =  (E  -  e)  /  (B  +  r). 
Returning,  after  this  digression,  to  the  consideration  of  ampere- 
hours,  let  us  assume  that  the  applied  pressure  in  any  particular 
case  is  sufficient  to  overcome  the  opposing  pressure  of  the  cell  or 
plating  bath,  etc.,  so  that  a  current  will  flow  through  the  latter  ; 
the  total  electro-chemical  effect  of  this  current  then  depends  on 
the  number  of  ampere-hours.  For  example,  the  international 
definition  of  an  ampere,  already  referred  to  in  §  3,  states  that 
under  the  conditions  laid  down  it  will  deposit  silver  from  silver 
nitrate  at  the  rate  of  0‘  001  118  of  a  grm.  per  sec.  or  4*  024  8 
grms.  per  hour. 

The  weight  of  metal  deposited  electrically  from  a  solution  per 
ampere-second  or  coulomb  is  different  for  different  metals,  but  is 
a  physical  constant  (the  ‘electro-chemical  equivalent’)  for  each 
particular  metal.  ( See  Chapter  38.) 

Effective,  Virtual,  or  R.M.S.  Values. 

29.  Effective  Value  of  a  Varying  Pressure  or  Current — 

An  unvarying  electric  current  or  pressure  is  easy  to  define  (§  3), 
but  there  is  an  obvious  difficulty  when  we  come  to  consider  an 
alternating  current  or  pressure  the  instantaneous  values  of  which 
rise  from  zero  to  a  positive  maximum,  decrease  to  zero,  rise  to 
a  negative  maximum,  and  again  return  to  zero  (§  11).  The 
algebraic  average  of  a  symmetrical  wave  is  clearly  zero;  in 
other  words,  as  much  current  flows  in  one  direction  during 
one  half-cycle  as  flows  in  the  other  direction  during  the  next 
half- cycle.  For  this  reason  alternating  current  as  such  is  use¬ 
less  for  electro-chemical  work  (battery  charging,  electroplating, 
etc.)  which  depends  upon  quantity  (ampere-hours)  of  electricity 
flowing  in  a  definite  direction  (§  28).  If,  however,  the  alternating 
wave  be  ‘rectified’  (§13  and  Chapter  17)  we  obtain  a  more  or 
less  discontinuous  unidirectional  current,  the  effective  value  of 
which  for  electro-chemical  purposes  is  represented  by  the  mean 
ordinate  of  the  rectified  wave.  This  is  the  only  connection  in 
which  the  mean  or  average  value  of  an  alternating  wave  has  any 
practical  importance,  and  it  will  be  seen  that  it  is  the  average 
value  of  the  half-wave  which  is  then  of  importance — not  the 
average  of  the  complete  wave,  which  is  zero. 

The  heating  effect  of  an  electric  current  varies  with  the  square 
of  the  current  (§49)  and,  in  general,  the  power  dissipated  by  an 
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unvarying  current  I  (amperes)  flowing  through  a  resistance  R 
(ohms)  is  :  W  (watts)  =  PR  (§  17),  i.e.  the  power  varies  with  the 
square  of  the  current.  For  this  reason,  the  effective  value  of  an 
alternating  current  is  defined  as  being  numerically  equal  to  the 
unvarying  (direct)  current  which  produces  the  same  heating.  A 
hot-wire  ammeter  (§  99)  is  equally  correct  for  measuring  con¬ 
tinuous  or  alternating  currents. 

Referring  to  Fig.  6, 1  represents  an  alternating  current  of  ideal, 
sinusoidal  wave  form.  The  power  or  heating  corresponding  to 
any  instantaneous  current  i  ( whether  positive  or  negative )  is 
proportional  to  %l  and  is  always  positive,  i.e.  the  curve  P  repre- 
*  sents  instantaneous  heating  effect  and  consists  of  a  series  of 
positive  loops.  The  mean  ordinate  of  P  is  represented  by  the 
line  If  and  represents  the  c  mean-square  ’  value  of  the  current  I. 
Taking  the  square  root  of  If  we  obtain  Ie  the  ‘  root-mean-square  * 
value  of  J,  and  this  is  clearly  the  value  of  the  unvarying  current 
which  produces  the  same  heating  as  the  alternating  current  I . 
In  other  words  /e  is  the  4  effective  *  value  of  the  alternating  current, 
and  is  sometimes  called  the  4  virtual  ’  value  or  the  4  root-mean- 
square  ’  (R.M.S.)  value.  The  term  root-mean-square  is  best,  in 
that  it  is  self-explanatory. 

The  R.M.S.  value  of  any  wave  form  may  be  found  by  the 
above-described  combination  of  graphical  and  numerical  working, 
but  the  wave  forms  of  all  commercial  A.C.  supplies  are  close 
approximations  to  a  sine  wave,  the  average  and  effective  values  of 
which  are  geometrical  constants. 

30.  Average  and  Effective  Values  of  Sine  Waves. — The 
average  value  of  any  sine  wave,  i.e .  the  arithmetical  average  of 
its  instantaneous  ordinates  throughout  a  half -cycle,  is  equal  to  its 
maximum  value  x  2  /  7 r.  Thus,  referring  to  Fig.  6, 

Ia  =  2Im  j  7t  =  0*64 17n  (nearly). 

The  useful  value  of  the  alternating  current  /,  when  rectified,  for 
electro-chemical  work  would  be  0*64 Im  if  both  half-cycles  were 
utilised,  and-£  x  0*64 Im  =  0*32/w  if  only  the  alternate  half-cycles 
were  utilised  (see  also  Chapter  17). 

The  effective ,  virtual  or  R.M.S.  value  of  any  sine  wave  is 
equal  to  the  maximum  value  /  */ 2 .  Thus,  in  Fig.  6, 

=  =  0*707 Im. 

The  form  factor  of  any  periodic  wave  is  defined  as  the  ratio 
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of  its  effective  to  its  average  value,  hence  the  form  factor  of  a  sine 
wave 


Z™L  *  ~77-  =  --73"  ■  =  1*11 

^2  27*  2^/2 


The  form  factor  is  a  useful  means  of  comparing  different  wave 
forms  ( see  also  §  34).  Another  factor,  which  is  also  useful  in 
this  connection,  is  the  peak  or  crest  factor,  i.e.  the  ratio  of  the 
maximum  to  the  effective  value  of  the  wave.  The  crest  factor 
of  any  pure  sine  wave  is  J 2  =  1*414.  The  crest  factor  of 
the  A..C.  voltage  used  to  test  cable  insulation  should  not  exceed 
1*5. 


Table  5  gives  an  instructive  comparison  between  the  above- 
mentioned  constants  for  different  wave  forms.  In  practice,  wave 
forms  are  generally  determined  by  oscillograph  (§  118). 


Fig.  6. — Effective  value  of  alternating  current. 

Table  5. — Constants  for  Different  Wave  Forms. 


Wave  Form. 

Average  Value 
(Half-cycle). 

Effective  Value. 

Form 

Factor. 

Crest 

Factor. 

Sinusoidal 

Max  x  2/tt  =  max  x  0'64 

Max/^/2  =max  x  0*707 

1*11 

1*414 

Rectangular  - 

Max  x  1-00 

Max  x  1*00 

1*00 

1*00 

Triangular  . 

Max  x  0*5 

Max  x  0*577 

1*15 

1*74 

Semi-circular 

Max  x  0*785 

Max  x  0*816 

1*04 

1*23 

31.  Maximum  Pressure  and  Current. — While  the  minimum 
value  of  a  sinusoidal  alternating  pressure  or  current  during  each 
period  is  zero,  the  maximum  instantaneous  value  is  the  virtual  or 
‘  root-mean-square  ’  value  multiplied  by  +/2  or  1  *41.  In  the  case 
of  alternating  pressures  the  maximum  value  is  important,  as, 
although  only  instantaneous,  it  tends  to  break  down  the  insulation 
of  the  circuit  (§  298).  Thus  if  the  pressure  is  said  to  be  220  V 
— i.e.  the  virtual  or  raot-mean-square  pressure  as  shown,  by  a 
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correctly  calibrated  voltmeter — then  the  maximum  value  will  rise, 
twice  in  each  period,  to  220  x  2  or  312  V.  If  the  wave  is  more 
pointed  than  a  sine  wave  the  maximum  value  may  even  be  con¬ 
siderably  higher  (see  Table  5).  The  maximum  value  is  also  of 
importance  in  relation  to  electric  shock,  for  at  the  same  virtual 
pressure  of  supply  the  shock  pressure  obtained  on  an  alternating- 
circuit  is  ==1*4  times  that  on  a  continuous  current  system 
with  the  corresponding  effective  pressure. 

Magnetic  Effects  of  Electric  Current. 

32.  Permanent  and  Electro-magnets. — The  familiar  £  horse¬ 
shoe’  magnet  is  constructed  of  hardened  steel,  and  when  once 
magnetised  retains  its  power  of  attracting  iron  or  steel  more  or 
less  indefinitely.  It  is  used  in  certain  classes  of  electrical  measur¬ 
ing  instruments  and  in  ‘  magneto  ’  generators,  etc.  Annealed 
iron  and  certain  steels,  on  the  other  hand,  are  incapable  of  retain¬ 
ing  magnetism,  although  they  can  be 
very  powerfully  magnetised  by  suit¬ 
able  means  involving  the  expenditure 
of  power.  If  a  number  of  turns  of 
insulated  wire  are  wound  round  a 
soft  iron  core,  and  a  current  is  then 
passed  through  this  4  magnetising  coil,  ’ 
the  core  becomes  strongly  magnetic  for  so  long  as  the  current  is 
flowing.  By  varying  the  intensity  of  current  the  strength  of  the 
magnetism  can  be  altered  (§  42);  in  the  case  of  alternating 
current  the  magnetism  is  constantly  altering  (§§  34,  39).  When 
the  current  ceases  the  magnetism  almost  entirely  disappears. 
Into  the  elements  of  magnetism  it  is  not  necessary  to  go,  as  this 
knowledge  is  assumed ;  it  must,  however,  be  pointed  out  that  a 
magnet  must  necessarily  always  have  a  north-seeking  pole  and  a 
south-seeking  pole,  whatever  its  shape  or  construction.  If  it  is 
an  electro-magnet  the  relation  between  the  polarity  and  direction 
of  the  magnetising  current  is  fixed,  and  will  be  seen  at  once 
from  Fig.  7,  from  Professor  Thompson’s  Elementary  Lessons .  It 
matters  nothing  whether  the  turns  are  wound  right-  or  left- 
handed,  or  what  the  shape  of  the  iron  core  is.  The  arrows  show 
the  direction  of  the  current,  from  +  to  -  ,  or  positive  to  negative. 

A  wire,  whether  straight  or  bent  into  a  loop,  always  creates  a 
magnetic  field  around  it  when  it  is  carrying  a  current,  and  an  iron 


Fig.  7. — Polarity  of  electro¬ 
magnet. 
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core  serves  to  augment  the  strength  of  this  magnetic  field.  In 
considering  the  field  created  hy  a  wire,  Maxwell’s  e  corkscrew 
rule 5  is  useful,  and  it  will  be  found  to  apply  to  the  conditions 
shown  in  Fig.  7.  The  rule  runs:  The  direction  of  the  current 
(from  +  to  -  )  and  that  of  the  resulting  magnetic  force  (from  N. 
to  S.)  are  related  to  one  another  as  are  the  rotation  and  forward 
travel  of  an  ordinary  right-handed  corkscrew.  An  alternative 
means  of  memorising  the  relationship  between  polarity  and 
direction  of  current  circulation  is  provided  by  the  fact  that 
arrow-heads  (directed  outwards)  on  the  tails  of  the  letters  N.  and 
S.  indicate  the  direction  of  current  rotation  producing  north  and 
south  polarity  respectively. 

This  magnetic  effect  in  conductors  is  by  no  means  negligible. 
A  case  cited  in  §  327  shows  that  it  may  have  serious  effects  on 
overhead  lines,  and  it  is  a  factor  of  primary  importance  under 
short-circuit  conditions  (§  338).  It  frequently  gives  rise  to  errors 
in  electrical  instruments  placed  too  near  switchboard  conductors 
carrying  heavy  currents  (§  92).  It  also  causes  the  apparent  rise 
of  resistance  known  as  skin  effect  (§  38  and  Chapter  35),  which  is 
most  marked  in  steel  conductor  rails  on  electric  railways. 

Apart  from  the  use  of  electro-magnets  in  dynamo-electric 
machinery  and  instruments,  they  are  also  used  extensively  for 
their  direct  effect  in  attracting  iron  or  other  paramagnetic  metals ; 
the  practical  applications  vary  from  lifting  magnets  (Chapter  31), 
for  raising  girders  and  the  like,  whether  on  land  or  below  water, 
to  the  extraction  of  splinters  from  the  human  body.  Until 
recently  the  latter  use  was  mainly  confined  to  the  oculist,  but  of 
late  giant  electromagnets,  taking  several  kilowatts,  have  been 
used  in  hospitals  for  extracting  shell-splinters  and  ferro-nickel 
cased  bullets.  While  iron  and  steel  are  by  far  the  most  important, 
there  are  other  metals,  especially  nickel  and  cobalt,  which  are 
paramagnetic  in  a  less  degree ;  substances  which  are  repelled  from 
a  magnet  are  called  diamagnetic,  and  include  bismuth,  antimony, 
and  many  others. 

33.  Polarity  (Direction  of  Flow)  of  Current. — The  direction 
of  a  current  is  a  matter  of  convention,  for  the  work  of  the  engineer 
is  not  seriously  affected  by  the  truth  or  otherwise  of  the  modern 
electronic  theory  of  matter,  and  it  matters  little  to  him  whether 
there  is  an  actual  transfer  of  corpuscles  or  merely  a  molecular 
or  ultra-molecular  vibration  around  the  conductor.  The  adopted 
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convention  concerning  the  direction  of  current  flow  arose  from 
the  consideration  of  the  primary  cell,  and  is  explained  in  that 
relation  in  §  127.  The  positive  pole  of  any  other  generator  is 
taken  to  be  that  which  behaves  in  the  same  way  as  the  positive 
pole  of  a  battery.  Since  the  current  in  any  conductor  produces  a 
magnetic  field,  it  will,  like  any  other  magnet,  deflect  a  compass 
needle  to  one  side  or  the  other  according  to  its  polarity.  This 
property  enables  the  conventional  direction  to  be  determined  by 
Ampere’s  rule,  viz. :  Suppose  a  man  swimming  in  the  wire  with 
the  current,  and  that  he  turns  so  as  to  face  the  needle,  then  the 
North-seeking  pole  of  the  needle  will  be  deflected  towards  his  left 
hand.  A  useful  old  mnemonic  in  this  connection  is  Crompton’s 
SNOW  rule ;  viz. :  Place  a  compass  needle  under  a  wire  placed 
in  the  meridian,  and  the  current  entering  at  South  turns  the 
North-seeking  pole  of  the  needle  Over  to  West. 

34.  Hysteresis. — If  a  core  be  magnetised  by  alternating  current 
it  is  alternately  magnetised  in  one  direction,  demagnetised  on  the 
reversal  of  the  current  wave,  and  then  magnetised  in  the  opposite 
direction.  These  cycles  continue  so  long  as  the  current  is  main¬ 
tained,  and  have  the  same  periodicity  as  the  current,  i.e.  generally 
50  cycles  per  sec.  (§  12)  ;  but  the  magnetic  changes  lag  slightly 
behind  the  current  reversals.  The  abrupt  reversal  of  the  direction 
of  the  magnetism,  involving  a  change  in  the  molecular  arrange¬ 
ment  of  the  iron,  involves  also  a  certain  expenditure  of  power 
known  as  the  ‘  hysteresis  watts.  ’  The  energy  so  wasted  heats  .up 
the  iron  core.  Such  losses  occur  in  transformers  and  all  alternat¬ 
ing  current  machinery,  and  to  a  lesser  degree  in  continuous  current 
machines  (in  those  parts  of  the  magnetic  circuit  which  are  subjected 
to  varying  or  alternating  magnetic  flux). 


The  power  dissipated  by  hysteresis  is  proportional  to  the  frequency  (cycles 
per  sec.)  and  varies  approximately  with  the  l*6th  power  of  the  maximum  flux 
density  in  the  iron.  Since  the  maximum  flux  density  is  here  involved  the 
hysteresis  loss  is  affected  by  the  form  factor  (§  30)  of  the  voltage  wave;  the 
hysteresis  loss  is  less  with  a  peaked  wave  than  with  a  flat- top  iwave  for  the  same 
effective  voltage. 


35.  Induction. — So  long  as  the  magnetic  field  of  a  conductor, 
or  a  solenoid,  or  an  electromagnet  is  steady  and  uniform  in  value, 
it  produces  no  E.M.F.  in  its  own  or  any  neighbouring  circuit  at 
rest  in  relation  to  it;  but  as  soon  as  there  is  a  change  in  the 
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strength  of  the  field,  no  matter  how  it  is  produced,  an  electro¬ 
motive  force  is  set  up  in  every  conductor  within  the  varying  field. 
In  a  continuous  current  circuit,  such  an  E.M.F.  can  only  be  pro¬ 
duced  by  varying  the  strength  of  the  current  or  by  moving  one 
of  the  elements  in  the  circuit  in  relation  to  the  other ;  but  with 
alternating  current  there  must  necessarily  be  induced  a  continually 
varying  E.M.F. ,  whether  the  elements  of  the  circuits  are  stationary 
or  in  relative  motion.  Thus  when  a  conductor  is  moved  across 
the  lines  of  force  of  a  magnet  or  vice  versa  (as  in  a  generator, 
§  132)  an  electromotive  force  is  f  induced  ’  in  the  conductor ;  and 
if  the  conductor  makes  a  closed  circuit,  a  current  flows  in  it  in 
consequence  of  this  pressure.  Again,  if  a  conductor  is  wound 
upon  an  electromagnet  [as  in  a  transformer  (Chapter  17)  or  in¬ 
duction  coil]  and  the  strength  ofjthe  magnetism  alters  (§§  32,  34), 
an  E.M.F.  is  induced.  Similarrpbach  of  two  conductors  carrying 
currents  varying  in  magnitude  will  mutually  induce  an  E.M.F.  in 
the  other ;  and  a  varying  current  in  a  single  conductor  will  induce 
a  secondary  E.M.F.  in  opposition  to  itself.  In  all  such  cases 
except  the  last  there  is  no  metallic  connection  between  the 
circuits ;  the  electromagnetic  induction  takes  place  across  an  air- 
gap.  The  essential  condition  is  that  the  wire  in  which  an  E.M.F. 
is  induced  shall  cut,  or  be  ta  versed  by,  varying  magnetic  lines  of 
force. 

The  relation  between  the  lines  of  force,  direction  of  motion, 
and  direction  of  induced  current  is  given  by  the  following  rule :  * 
Extend  the  forefinger  and  thumb  of  the  right  hand  at  right 
angles,  and  the  middle  finger  at  right  angles  to  the  plane  contain¬ 
ing  the  forefinger  and  thumb ;  then,  if  the  forefinger  be  set  in  the 
direction  of  the  magnetic  field  (N.  to  S.),  and  the  thumb  in  the 
direction  of  motion,  the  middle  finger  will  indicate  the  direction 
of  current  flow  (  +  to  -  ). 

This  property  of  self-induction  has  been  compared  with  inertia ; 
it  is  that  property  of  electricity  which  causes  it  to  resist  any 
change  in  its  rate  of  flow.  It  will  be  seen  that  three  separate 


*  Note. — This  useful  rule  was  devised  many  years  ago  by  Fleming,  together  with 
the  mnemonic :  4  FORefinger,  force ;  thuMb,  motion ;  middle,  induced.’  As  thus 
used  with  the  right  hand ,  the  rule  covers  induction  of  current  in  a  moving  con¬ 
ductor,  i.e.  is  a  dynamo  rule.  If  the  left  hand  be  used  in  the  same  way  the 
fingers  and  thumb  give  the  relation  for  a  current-carrying  conductor  moving  in 
an  electric  field,  i.e.  for  a  motor. 
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cases  may  arise.  First  we  have  the  induction  in  a  single  con¬ 
ductor  due  to  a  magnetic  field  around  it,  which  is  for  some  reason 
varying,  but  with  which  we  are  not  for  the  moment  concerned ; 
secondly,  the  mutual  induction  of  two  conductors  each  affecting 
the  other;  thirdly,  the  self-induction  of  a  conductor  on  itself, 
which  corresponds  to  inertia  in  matter.  In  every  case,  as  with 
mechanical  reactions,  the  tendency  is  for  the  induced' E.M.F.  to 
resist  the  change  which  produces  it.  A  concrete  example,  which 
can  be  put  to  the  test,  is  ready  to  hand  in  the  field  magnets  of 
an  ordinary  shunt-wound  generator,  or  any  other  large  electro¬ 
magnet.  If  the  full  pressure  the  coil  is  intended  to  bear  is 
applied  suddenly  to  the  terminals,  the  growing  field  produces  a 
counter  E.M.F.  opposing  the  applied  E.M.F.,  and  it  is  some 
seconds  before  the  current  attains  its  full  strength.  On  the  other 
hand,  if  the  circuit  be  opened  suddenly  when  the  magnet  is  at 
full  strength,  the  field  cannot  vanish  immediately.  As  it  dies 
down,  it  produces  an  E.M.F.  tending  to  keep  the  current  going. 
This  E.M.F.  may  be  enormously  in  excess  of  the  applied  E.M.F., 
and  may  cause  a  serious  arc  at  the  switch  contacts,  or  even  break 
down  the  insulation  of  the  field  coils.  If  the  operator  is  careless 
he  may  receive  a  most  unpleasant  shock  in  this  way  from  a  circuit 
which,  in  ordinary  working,  could  be  handled  with  impunity. 

It  follows  from  what  has  been  written  above  that  if  two  wires 
close  together  are  carrying  the  same  current  in  opposite  directions, 
their  magnetic  and  inductive  effects  balance  and  neutralise  one 
another.  This  fact  is  utilised  to  prevent  induction  in  telegraph 
or  telephone  lines  carried  near  power  circuits  (§  335).  If  it  is 
desired  to  wind  a  coil  of  wire  that  shall  be  *  non-inductive/  the 
wire  is  doubled  from  the  middle  point,  bringing  the  two  ends 
together ;  it  is  wound  thus  on  the  bobbin,  so  that  each  turn 
consists  of  two  mutually  antagonistic  wires  carrying  the  same 
current  in  opposite  directions. 

36.  Unit  (Henry)  of  Induction. — The  self-induction  of  a 
winding  or  circuit,  or  the  mutual-induction  between  two  windings 
or  circuits,  is  generally  expressed  in  terms  of  the  E.M.F.  induced 
by  a  change  in  current  at  the  rate  of  1  A  per  sec.,  the  unit  of 
self-  or  mutual-induction  being  the  £  henry.  ’  Thus  the  self- 
induction  of  a  circuit  is  1  henry  if  current  changing  at  the  rate 
of  1  A  per  sec.  induces  an  E.M.F.  of  1  V  opposing  the  current 
change.  Similarly,  the  mutual  induction  of  two  circuits  is 
vol.  1.  33  3 
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1  henry  if  current  changing  in  one  circuit  at  the  rate  of  1  A  per 
sec.  induces  an  E.M.F.  of  1  V  in  the  other  circuit. 

An  alternative  definition  is  that  the  self-induction  of  a  circuit 
is  numerically  equal  to  the  number  of  ‘  linkages  ’  per  ampere, 
divided  by  108.  The  ‘linkage’  =  number  of  magnetic  lines  x 
number  of  turns  in  coil,  etc.,  with  which  they  are  linked.  Both 
definitions  lead  to  the  same  result. 

37.  Wattless  Currents. — In  a  D.C.  circuit,  current  flow  in¬ 
evitably  involves  power  expenditure  (§§  17,  48),  but  this  is  not 
necessarily  the  case  in  an  A.C.  circuit.  In  a  choking  coil 
(§  45),  for  instance,  the  effect  of  self-induction  (§  35)  is  to  cause 
the  current  wave  to  lag  nearly  90°  out  of  phase  with  the  pressure 
wave.  Similarly,  the  primary  coil  of  a  transformer  or  auto-trans¬ 
former,  although  connected  directly  across  the  full  supply  pressure, 
only  takes  power  in  proportion  to  the  power  drawn  off  at  the 
secondary.  If  the  secondary  circuit  is  open,  so  that  no  current  is 
flowing  in  it,  then  the  choking  effect  of  self-induction  causes  the 
primary  current  wave  to  be  almost  90°  out  of  phase  with  the 
primary  pressure  wave ;  the  current  is  there,  and  is  magnetising 
the  core  at  each  cycle,  but  the  algebraic  or  vectorial  product  of 
the  opposing  waves  of  pressure  and  currents  amounts  to  very 
little  in  true  watts  (§  56).  When  such  conditions  obtain,  the 
current  is  said  to  be  a  ‘  wattless  current  ’ ;  the  volt-amperes  may 
have  a  high  value  and  yet  the  true  watts  in  the  circuit  may  be 
negligible.  The  importance  of  this  peculiarity  will  be  seen  when 
dealing  with  A.C.  transmission  of  power  (Chapter  14). 

The  diagrams  in  Figs.  8  and  9  illustrate  the  distinction  between 
watt  and  wattless  currents.  (See  also  §§  56,  154.)  Fig.  8  repre¬ 
sents  the  case  where  there  is  only  ohmic  resistance  present  in  one 
phase  of  an  alternating  current  circuit ;  consequently  the  current 
wave  is  in  step  or  ‘  in  phase  ’  with  the  pressure  wave  and  the 
power  is  the  product  of  volts  and  amperes,  as  shown  by  the  tall 
curve.  In  the  first  half-cycle  both  current  and  pressure  are 
positive,  while  in  the  second  half  both  are  negative,  so  that  the 
product  is  in  both  cases  positive.  In  Fig.  9  the  other  limit  is 
reached  and  the  current  lags  90°  behind  the  pressure.  The  re¬ 
sulting  power  curve,  obtained  by  the  product  of  corresponding 
instantaneous  values  of  pressure  and  current,  is  partly  positive 
and  partly  negative,  in  quarter  cycles;  the  power  consumed 
during  one  quarter  cycle  is  returned  to  the  circuit  in  the  next., 
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It  will  f/liuH  lx*  seen  that  the  generator  «»r  transformer  must  he 
built  to  generate  anil  withstand  tin*  full  pressure ;  its  roils  must 
lx*  able  to  carry  the  full  current;  tin*  IlH  losses  are  occurring  as 
usual  ;  but  tin*  useful  output  is  nil.  (Sr*'  also  Chapter  f», J 

38.  Skin  Effect  -Any  current -carrying  conductor  may  U* 
regarded  as  consisting  of  a  number  of  filaments,  i*a<*h  carrying 
part  of  the  total  current  and  each  producing  round  it n*d f  a 
magnetic  hold  which  ‘  links  ’<§  .'MO  with  other  filaments  in  tin* 
conductor.  The  number  of  linkages  is  greater  for  the  central 
filaments  than  for  the  filaments  in  the  surface  or  skin  of  the 
conductor,  hence  the  Holf-induct ion  is  greater  for  tie*  central 
filaments,  and  there  is  a  tendency  for  current  to  concentrate  in 
the  outer  layers  of  the  conductor.  Ah  a  result,  the  effective 
resistance  of  the  conductor  is  greater  to  alternating  current  than 
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to  direct  current,  quite  apart  from  the  question  of  reactance 
(§  44).  This  so  called  *  skirt  effect  *  is  more  pronounced  in 
magnetic  conductors  {>.#/,  steel  wires  and  rails  ;  §  and 

Chapter  *\h)  than  in  non  magnetic  conductors,  the  self 

induction  is  greater  in  the  Fortner  case.  For  the  same  reason, 
skin  effect  is  more  pronounced  the  larger  the  rrnsso^ction  of  the 
conductor  and  the  higher  the  frequency  of  the  current.  At  very 
high  frequencies,  such  as  those  concerned  in  lightning  discharge*, 
skin  effect  increases  the  effective  resistance  to  such  an  extent 
that  the  high  frequency  current  will  break  down  an  air  gap 
(leading  to  an  earth  connection,  §  atCM  rather  than  flow  through 
a  reactance  coil  which  offer*  very  low*  resistance  to  direct  current 
or  to  alternating  current  of  commercial  frequency. 

39.  Eddy  Currents.  An  K.M.F,  is  induced  in  any  conductor 
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situated  in  a  varying  field  (§  35)  whether  the  variation  is  due 
to  the  conductor  moving  from  one  part  of  the  field  to  a  part 
where  the  magnetic  flux  density  is  greater  or  smaller,  or  whether 
the  variation  is  due  to  variations  in  the  value  of  current  in  a 
neighbouring  conductor.  If  the  conductor  in  which  the  E.M.F. 
is  induced  forms  part  of  a  regular  electric  circuit  there  is  a 
definite  current  flow  in  the  latter,  but  if  the  conductor  is  simply 
a  mass  of  metal — such  as  an  armature  core,  an  iron  girder,  or 
a  metal  tank  or  case — the  induced  E.M.F.  causes  currents  to 
circulate  locally  in  the  metal,  these  currents  being  aptly  termed 
4  eddy  currents.’  The  magnitude  of  the  induced  E.M.F.,  and 
therefore  of  the  eddy  currents,  is  greater  the  stronger  the 
magnetic  field  and  is  therefore  increased  by  the  presence  of  iron. 
Also,  for  given  field  variation,  the  E.M.F.  induced  is  greater  the 
higher  the  frequency.  The  eddy  current  produced  by  given 
induced  E.M.F.  is  lower  the  higher  the  resistance  of  the  path 
through  which  the  current  flows.  One  method  of  reducing  eddy 
currents  is  therefore  to  use  material  of  higher  electrical  resistance 
for  the  parts  concerned.  For  this  reason  high  electrical  resist¬ 
ance  is  desirable  in  the  sheets  used  for  armature  and  transformer 
cores  (§  82).  The  eddy  currents  are  dissipated  in  the  form  of 
heat  and  the  loss  which  they  occasion  varies  with  PR  (§  49), 
hence  reducing  the  current  I  reduces  the  loss  to  a  greater  extent 
than  it  is  increased  by  the  increase  in  resistance  R. 

Eddy  currents  are  induced  in  conductors  carrying  alternating 
current  as  well  as  in  all  adjacent  metal.  They  may  produce  a 
dangerous  degree  of  heating,  they  may  cause  errors  in  instrument 
readings,  and  in  all  cases  they  represent  wastage  of  energy. 
A  useful  application  of  this  is  to  be  found  in  the  ‘  eddy  current 
brake,’  which  is  often  used  as  an  artificial  load  when  testing 
electric  motors.  Eddy  currents  are  induced  in  a  metal  disc 
driven  by  the  motor  and  the  energy  dissipated  by  these  currents 
constitutes  a  load  for  the  motor.  Under  ordinary  circumstances, 
however,  eddy  currents  are  objectionable,  and  they  may  be  re¬ 
duced  by  excluding  iron  (where  possible)  from  the*  path  of  the 
varying  field,  by  using  non-magnetic  material  where  applicable 
(§  84),  and  by  interrupting  or  reducing  the  cross-section  of  the 
paths  for  eddy  current  flow  by  saw-cuts.  If  mechanical  con¬ 
tinuity  be  required  the  saw-cuts  are  filled  with  insulating 
material.  Eddy  currents  in  armature  and  transformer  cores  are 
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reduced  by  building  the  latter  from  thin  sheets  of  special  steel 
(§  82)  insulated  from  each  other  by  varnish  or  paper.  The 
plane  of  the  sheets  is  parallel  to  the  direction  of  the  main  field 
so  as  not  to  interrupt  the  flow  of  the  latter.  The  laminations 
are  clamped  together  by  bolts  which  are  insulated  to  prevent 
short-circuiting  the  laminations.  If  slots,  etc.,  in  the  laminations 
be  filed  the  laminations  may  be  short-circuited  by  particles  of 
metal,  and  the  relatively  heavy  current  flowing  through  these 
particles  may  cause  such  heating  as  to  damage  the  insulation  on 
adjacent  windings. 

Magnetic  Circuits. 

40.  Magnetic  Field. — A  magnetic  field  is  the  region  round  a 
magnet  or  current-carrying  conductor  (§  32)  within  which  mag¬ 
netic  effects  are  exerted  on  magnetic  materials  (§  32)  or  electrical 
conductors.  The  unit  strength  of  magnetic  field  (Table  1,  §  2) 
is  represented  conventionally  by  1  line  (of  magnetic  flux)  per 
sq.  cm.;  this,  the  unit  of  ‘flux  density,’  is  termed  the  ‘gauss.’  * 

In  every  magnet  a  north  pole  is  necessarily  associated  with 
a  south  pole  and  similar  conditions  obtain  in  the  magnetic  fields 
established  by  electric  currents,  so  that  magnetic  flux  has  always 
a  closed  magnetic  circuit.  Unlike  the  electric  circuit,  the  magnetic 
circuit  cannot  be  ‘  opened  ’  because,  although  some  substances 
have  a  higher  permeability  (or  magnetic  conductivity)  than  others, 
there  is  no  magnetic  insulator. 

41.  Magnetic  Circuits. — The  magnetic  circuit  of  a  permanent 
magnet  consists  of  the  metal  of  the  magnet  itself  and  the  air  path 
between  its  poles;  the  ‘magnetomotive  force’  (M.M.F.)  driving 
the  flux  round  this  path  is  determined  by  the  pole  strength  of  the 
magnet.  Such  circuits  are  found  in  permanent  magnet  generators 
(‘magnetos’)  used  for  medical  purposes,  for  ignition,  and  for  small 
lighting  sets,  hut  in  motors  and  generators  for  commercial  supply 
the  magnetic  circuit  comprises  the  field  and  armature  cores  and  the 
small  air  gap  between  them,  whilst  the  M.M.F.  is  provided  by 
electromagnets  (the  field  cores  and  their  windings). 

In  any  magnetic  circuit  the  conditions  are  largely  analogous  to 


*  There  is  a  field  of  5  gauss  at  40  cm.  from  a  very  long  straight  conductor 
carrying  1  000  A,  the  return  conductor  being  a  long  way  off.  A  field  of  10  gauss 
is  produced  at  and  near  the  centre  of  a  plane  circular  coil  100  cm.  diameter  and 
of  800  ampere- turns  (§  42). 
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those  in  an  electric  circuit,  and  may  be  stated  in  a  form  similar  to 
Ohm’s  Law,  viz . ; — 

Flux  -  Ma^etomotive  Force 
Reluctance 

The  magnetic  flux,  or  total  number  of  4  lines  of  force  ’  in  the  mag¬ 
netic  circuit,  corresponds  to  the  current.  The  magnetomotive  force, 
corresponding  to  E.M.F.,  is  proportional  to  the  pole  strength  in 
the  case  of  permanent  magnets  and,  in  the  case  of  electromagnets, 
is  proportional  to  the  ampere-turns  on  the  magnet,  upon  which  the 
flux  depends.  The  reluctance  is  the  resistance  of  the  magnetic 
circuit  to  the  passage  of  the  lines  of  force  and  is  not  a  constant  of 
the  circuit,  but  varies  with  the  degree  of  magnetic  saturation  (§  43). 

42.  Magnetomotive  Force:  Ampere  Turns. — In  any  form 
of  apparatus  using  electromagnets  the  phrase  ‘  ampere-turns  ’  is 
used  for  the  product  of  the  current  in  amperes  and  the  number 
of  complete  convolutions  or  turns  of  the  wire  carrying  it.  This 
is  the  practical  unit  of  magnetomotive  force.  The  magnetomotive 
force  (in  4  gilberts  ’)  produced  by  a  solenoid  of  T  turns  carrying 
a  current  of  I  amperes  is  given  by  the  formula  4s7rIT  [  10  and  thus 
increases  indefinitely  in  direct  proportion  to  both  the  current  and 
the  number  of  turns.  Due  to  increasing  reluctance  (§  43),  how¬ 
ever,  the  strength  of  field  produced  is  not  proportional  to  the 
current  when  the  iron  approaches  magnetic  saturation. 

Under  all  practical  conditions  the  magnetising  effect  of  a 
certain  number  of  ampere-turns  is  the  same  whatever  the  value 
of  the  terms  I  and  T  in  the  constant  product  IT ;  thus  100  turns 
of  a  wire  carrying  1  A  will  have  the  same  magnetising  effect  on 
a  bar  of  iron  within  the  coil  as  a  single  turn  carrying  100  A ;  in 
each  case  there  are  100  ampere-turns. 

43.  Reluctance. — The  reluctance  of  a  magnetic  circuit  corre¬ 
sponds  to  the  resistance  of  an  electric  circuit.  It  increases  in  pro¬ 
portion  to  the  length  of  the  circuit  and  varies  inversely  with  the 
cross-sectional  area  of  the  circuit.  Whereas  ‘specific  resistance' 
(§  18)  is  used  as  a  measure  of  the  resistance  offered  by  various 
materials  to  the  flow  of  electric  current,  the  corresponding  term 

,  used;  in  connection  with  magnetic  circuits  is  ‘  permeability  ’  which 
is  analogous  to  the  conductance  (§  18)  of  an  electric  circuit. 

*  The  permeability,  p,,  of  a  material  is  defined  as  the  ratio  of  the 
Hup  density  (or  ‘magnetic  induction'),  J3,  produced  in  that 
■  i>'  38 
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material  to  tin*  flux  density,  //,  produced  in  air  by  the  name 
magnetising  force  ;  /V ;t  Hf  II.  The  jwrmcability  of  iron  may 
Ik>  several  thousand  times  that  o f  air  (which  is  taken  as  unity), 
but  tin*  permeability  varies  with  Urn  kind  of  iron  (§§  81-84)  and 
wi tit  tint  flux  density  therein,  i.e.  with  the  degree  of  magnetic 
Haturalion. 

In  the  (*as»*  of  a  >i*?i n >t« i  or  a  roil  oF  wire  without  any  mag¬ 
netic  core,  the  strength  of  the  Hold  produced  is  proportional  to 
the  current,  hr.  to  tin*  number  of  ampere-turns,  without  any 
limit;  hut  when  an  iron  con*  is  inserted  in  the  coil  this  propor¬ 
tionality  drops  an  tin*  con*  becomes  incapable  of  further  saturation, 
until  at  last  the  increase  is  only  that  due,  to  the  coil  alone.  Thus 
according  to  the  requirements  of  each  case  an  electromagnet  may 
b*  designed  in  work  either  saturated,  or  approaching  saturation, 
or  at  a  point  where  the  change  in  the  current  produces  the  maxi¬ 
mum  change  in  the  field  strength. 

The  reluctance,  ,S\  of  a  magnetic  circuit  is  given  (in  ‘oersteds’) 
by  the  formula:  S  Ijiap);  where  /  length  of  magnetic, 
circuit  in  cm.  ;  a  *  cross -section  of  circuit,  in  sq.  cm.;  and  p  «a 
pnrmenhility  at  thr  jhtr  tint  si  ty  prttducrtl  in  the  iron.  Because 
of  the  variation  in  permeability  with  the  flux  density,  the  flux 
produced  hy  a  given  number  of  ampere -turns  can  only  lx*  doior- 
mined  hy  successive  approximations.  It  is  necessary  first  to 
determine  approximately  the  flux  in  order  that  a  suitable  value  of 
permeability  may  is*  assumed.  On  the  other  hand,  the  ampere- 
turns  required  to  produce  a  certain  flux  in  a  certain  circuit  can  ho 
determined  at  once  because  the  flux  density  is  known  and  the 
airrespmdiug  permeability  can  b*  taken  from  tables  or  curves 
for  the  material  concerned  (  §  82  1 
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As  the  practical  problem  is  generally  to  determine  the  ampere-turns,  IT,  required 
to  produce  stated  flux,  this  formula  may  be  put  in  the  form — 


Ampere- turns, 


+  . 


( 
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Note. — It  is  usual  in  practice  to  plot  curves  between  B  and 
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( i.e .  the 


ampere-turns  per  cm.  length,  tor  =  IT  f  l).  From  such  curves 

4  7r  47 r  lOt 

(Fig.  18,  §  81)  it  is  possible  to  read  off  at  once  the  ampere-turns  required  per  cm. 
length  of  the  material  concerned,  to  produce  a  flux  density  B  in  that  material. 


In  most  cases  a  magnetic  circuit  consists  mainly  of  iron  or 
special  steel  with  an  air-gap ;  as  e.g.  in  a  motor  or  generator, 
where  the  circuit  runs  from  the  north  pole  of  the  magnet,  across 
the  air-gap,  through  the  iron  core  of  the  armature,  across  the  air- 
gap  again  to  the  south  pole  of  the  magnet,  and  thence  back  to 
the  starting-point  through  the  yoke.  The  air-gap  greatly  in¬ 
creases  the  reluctance,  and  is  therefore  reduced  to  as  small 
dimensions  as  may  be  practicable.  Some  lines  of  force  will  in¬ 
evitably  pass  from  pole  to  pole  without  going  through  the 
armature  core,  and  will  therefore  produce  no  useful  effect ;  these 
constitute  4  magnetic  leakage.’ 

Ohm’s  Law  for  A.C.  Circuits. 


44.  Resistance,  Reactance,  and  Impedance. — Ohm’s  Law 
as  stated  in  §  17  is  only  applicable  when  the  resistance,  electro¬ 
motive  force  and  current  are  unvarying.  The  law  can  be  applied 
to  all  direct-current  circuits  if  both  internal  and  external  re¬ 
sistance  betaken  into  account  (§21)  and  if  allowance  be  made  for 
back-E.M.F.,  where  present  (§  28),  but  it  can  rarely  be  applied  to 
alternating  current  circuits  in  its  simple  form,  because  the  effective 
resistance  to  current  flow  in  an  A.C.  circuit  is  generally  greater 
than  the  ohmic  resistance  of  the  circuit. 

The  resistance  of  a  conductor  in  ohms  is  an  inherent  pro¬ 
perty  of  the  material,  and  is  independent  of  the  direction  of 
the  current  and  of  its  variations ;  but  when  dealing  with 
alternating  currents  another  factor  comes  in,  called  ‘  reactance,’ 
which  has  the  effect  of  apparently  increasing  the  resistance — 
so  that  Ohm’s  Law  as  stated  in  .§  17  requires  to  be  modified.  In 
explaining  the  term  ( induction  ’  in  §  35  the  fact  is  brought  out 
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that,  where  the  value  of  the  current  in  a  conductor  is  alternating, 
an  E.M.F.  is  induced,  and  that  this  E.M.F.  tends  constantly  to 
oppose  the  current  which  brought  it  into  being,  and  so  to  reduce 
its  value;  this  property  may  be  compared  in  its  effects  with 
inertia  in  ordinary  matter.  With  a  steady  continuous  current 
there  is  no  such  action.  This  opposing  E.M.F.  differs  in  phase 
from  the  current  inducing  it,  so  that  it  has  the  effect  not  only  of 
reducing  that  current  in  amount  but  also  of  altering  its  phase  in 
relation  to  the  main  or  ‘  impressed  ’  pressure  wave.  A  reference 
back  to  Fig.  1  (§  11)  may  help  to  explain  matters.  The  dotted 
line  in  that  illustration  shows  the  sine  wave  of  an  alternating 
current,  produced  by  the  impressed  E.M.F.  shown  in  the  full 
curve.  At  the  moment  the  current  wave  is  at  a  crest,  whether 
positive  or  negative,  the  rate  of  change  of  its 
instantaneous  value  is  practically  nil,  and  there¬ 
fore  the  change  of  field  strength  produced  by 
it  is  nil,  so  no  E.M.F.  of  self-induction  is  being 
generated.  If,  therefore,  the  wave  of  induced 
counter-E.M.F.  were  plotted,  it  would  be  on  the 
zero  line  at  each  crest  of  the  current  wave.  On 
the  contrary,  at  the  moment  when  the  current 
wave  is  crossing  the  zero  line  its  rate  of  change, 
and  consequently  that  of  the  field  produced  also, 
is  at  the  maximum ;  hence  at  these  points  the  b 
wave  of  counter-E.M.F.  would  be  at  its  crest.  Fig.  io.— Graphical 
Furthermore,  as  this  E.M.F.  opposes  the  current  nSfngE  M  F^nd 
producing  it,  it  will  be  rising  towards  a  positive  resistance, 
maximum  when  the  current  is  falling  towards 
zero,  and  descending  towards  zero  when  the  current  is  rising  to  a 
negative  maximum. 

A  graphical  representation  will  help  to  make  the  matter  clearer. 
In  the  right-angled  triangle  A  BG  (Fig.  10)  A  G  represents  the  E.M.F. 
required  to  send  the  current  through  the  ohmic  resistance  of  the 
circuit,  and  AJB  represents  the  E.M.F.  required  to  send  the  current 
against  the  self-induction  or  reactance  of  the  circuit.  Then  CB 
will  represent,  on  the  same  scale,  the  total  E.M.F.  which  must  be 
applied,  in  order  to  produce  the  given  current  against  the  total 
4  impedance,’  or  apparent  resistance,  of  the  circuit.  The  angle  cj>  is 
the  angle  of  lag  of  the  current  behind  the  E.M.F. 

Similarly,  by  altering  the  scale,  the  three  sides  will  represent 
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true  or  apparent  resistance,  since  the  resistance  is  the  E.M.F. 
divided  by  the  current  in  the  circuit.  On  this  basis  A  C  represents 
the  ohmic  resistance  of  the  circuit  and  AB  represents  the  reactance, 
or  apparent  resistance  due  to  self-induction;  consequently  BC 
represents,  on  the  same  scale,  the  total  c  impedance  ’  or  apparent 
resultant  resistance  of  the  circuit,  which  will  take  the  place  of  JR 
in  Ohm’s  Law.  Whether  the  sides  of  the  triangle  represent  volts 
or  ohms,  we  have  that:  BC  =  s/( AB 2  +  AC2).  When  dealing 
with  resistance  values  this  may  be  expressed — 

Impedance  =  ^/resistance2  4-  reactance2. 

The  value  of  the  reactance  (expressed  in  ohms)  is  27 rfL,  where /is 
the  number  of  periods  per  second,  or  the  frequency  and  L  is  the 
coefficient  of  self-induction,  expressed  in  henries ;  the  value  of  L 
is  worked  out  in  the  case  of  transmission  lines  in  §§  299  and  302 
where  the  formula  will  be  found.  In  practice,  inductance  is 
generally  expressed  in  millihenries  =  1/1  000  of  a  henry  (rnH). 

For  a  circuit  containing  only  resistance  and  inductance  Ohm’s 
Law  becomes — 

E 

1  =  jw  +  Ww 

If  there  is  also  capacity  in  circuit  an  additional  term  is  required 
in  the  denominator  of  the  fraction,  as  explained  in  §  46. 

In  some  cases,  e.g.  where  rapid  variation  of  the  field  current  of  a  motor  or 
dynamo  is  required  for  purposes  of  speed  or  voltage  control,  it  is  necessary  to  take 
into  account  the  fact  that  the  current  in  an  inductive  circuit  does  not  instantly 
assume  the  steady  value  corresponding  to  the  applied  voltage.  If  a  constant  D.C. 
voltage  F  be  applied  to  a  oircuit  of  constant  resistance  R  ohms  and  constant  in¬ 
ductance  L  henries,  the  value  (in  amperes)  of  the  current  t  seconds  after  closing  the 

E 

circuit  is :  I  —  (1  -  €~ut) ;  where  €  =  the  basee  of  natural  logarithms  »  2*718 

Xv 

approx.;  and  w~E/L  =  l/  (the  ‘time  constant’  of  the  circuit).  The  ‘time, 
constant  ’  »L/R,  and  is  the  time  required  for  ut  to  become  unity ;  the  current  then 
*  (E  /  R)  (l  -  €  *)  :=  (E  /  R)  [1  -  (1  / 2*  718)]  =  (E  /  R)  (1  -  0*  368)  -  0*  632  E  /  R 
or  63*2  %  of  the  steady  current  E  /  R. 

Similarly,  the  timo  constant  of  a  circuit  containing  a  capacity  0  farads  in 
series  with  a  resistance  R  ohms  is  RC  seconds,  and  is  tho  time  required  for  the 
voltage  and  charge  of  the  condenser  to  reach  63*2  °/0  of  thoir  steady  values. 

The  greater  the  time  constant  of  a  circuit  the  longer  it  takes  for  steady  condi¬ 
tions  to  bo  reached  after  applying  an  E.M.P.  or  changing  the  applied  E.M.F. 

45.  Choking  Coils. — It  will  be  seen  from  the  expression  for 
impedance  in  the  preceding  paragraph  that  a  circuit  may  have 
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hi^h  imj u.o  tii^h  efleetive  r* ^stance 1  alternating  cur- 
runt.  though  t h * •  * >1 1 Uii»*  issuance  is  u*ry  low.  This  is  a  fact,  of 
fch<*  Iii^ls* -  4  practical  im|**rf amr.  In  a  circuit  of  hi^h  impedance 
but  low  jv  dMance,  i  *\  in  a  circuit  which  is  pract imliy  all  re¬ 
actance  :  (if  Tie  m  will  !*-  hi^h  drop  i^iven  by  "Itt/LI 

(§  III  if  i:  i**'  tuh«*u  a-  -mpu  hut  v »  ry  fifth'  dissipation  <4  energy 
ImeaWKc  fin  *  urn  iif  i  <  practically  00  out  of  phase  with  flu* 
volta^** ;  ol*'*  \  -*T  ?in  Tilth’  opposition  is  offered  to  the 

How  of  direct  run*  fit,  which  is  obstructed  only  l»y  ohmic  resis¬ 
tance  and  i*»  unal!*  *  !*  >1  hy  reactance.  fiii)  Loss  opposition  is 
uHhrol  to  t h-  flow  of  huv  fjv.pn  nrv  \,0,  than  to  that  of  hi^h- 
frequency  AT  h.  rauMr  1 1*«-  r*  i»*?anr»-  i2*rr/7n  increases  in  propor- 
lit  in  tu  thr  ir** -ju» -i*ry  Tie  m*'  three  facts  all  find  application  in 
pnirf  ir**,  ilS  r  ^ph'UI e'd  h'jrU  , 

Ji  *  choking  n  -il '  r«,iniMfs  of  a  winding  Mf  relatively  low  ohmic 
resistance  wit )i  an  iron  tore,  which  ca lines  the  inductance  and 
therefor*- the  i«sict ancr  .4  th*<  winding  to  he  hi^h,  The  reactants* 
of  the  coil  may  1***  van*  d  hy  altering  the  extent  to  which  the  corn 
is  inserted  within  tie*  winding.  Such  a  choking  eoil  may  he  used 
instead  of  a  hiilhvst  resistance  in  serie*  with  arc  lamps  (Chapter 
2/5 j  or,  in  ^  ie  rah  if  may  he  used  to  reduce  the  effective  voltage 
in  finv  Ad  A  circuit  practically  without  loss  of  energy.  The  actual 
dissipation  of  energy  is  ^ivni  hy  /  U  i§  41$),  lienee  H  should  L* 
kept  as  low  as  j^o  uhh*,  Another  application  of  choke  coils  is  to 
obstruct  hi^h  fo  ‘peuicy  discharges  ihm  in  liyht  niti*^  protection, 

§  440  r  For  this  purj*o*<  the  coil  h  connected  in  series  with  tin* 
line  carrying  t  In*  normal  current « I U  T  or  Ad*,  of  commercial  fre¬ 
quency  |  tn  older  that  it  may  cause  only  low  pressure  drop  its 
resistance  and  tin  Ad\  service!  im  reactance  are  kept  low.  This 
is  done  hy  lining  only  a  f*wv  turns  of  lar^e  wire  without  an  iron 
Cure.  Though  I  he  i  <i*r!  al*re  is  V*  ry  joW  when  f  50  (»r  100 
cycles  jier  c.-c  H*  in  commercial  supply,  it  is  very  hij'h  at  the  hi#h 
fri^piencies  *4  ii^htnin^  and  similar  surges,  hence  the  latter  find 
it  easier  to  jump  an  air  $*ap  (provided  f«*r  the  pur  pose)  and  How 
to  *arth  than  to  j*  n«  i rate  the  choking  coil  and  reach  the  circuit 
which  fliis  coil  profeH.n 

46.  Capacity  and  CondenMnce.  «  *a  parity  in  a  circuit  is  that 
proper t  y  in  virtu**  of  which  a  charge  of  electricity  can  l>e  stored 
up  in  it  in  the  form  of  electrostatic  stress.  Thus  such  a  stress 
-exists  }*eiw*cen  the  t  wo  coatings  of  a  **hargud  Leyden  jar  or  the 
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two  plates  of  a  charged  condenser,  and  when  either  is  discharged 
a  capacity  current  flows  momentarily.  A  condenser  may  be  com¬ 
pared  to  an  air-vessel  on  the  delivery  pipe  of  a  hydraulic  ram, 
storing  up  some  of  the  energy  of  each  stroke  at  the  moment  and 
then  delivering  it  back  to  the  column  of  water  out  of  phase  with 
the  ram  stroke;  at  each  cycle  a  certain  charge  of  water  enters 
and  compresses  the  air  and  then  is  driven  out  again. 

Tho  capacity  of  a  condenser,  whatever  the  form  of  the  latter,  varies  directly 
with  tho  effective  surface  of  the  plates  or  electrodes,  and  the  specific  inductive 
capacity  of  the  dielectric,  and  inversely  with  the  thickness  of  dielectric  between 
the  plates.  The  specific  inductive  capacity  or  dielectric  constant  or  permittivity  e  of 
the  dielectric  is  the  ratio  of  the  capacity  of  a  condenser  using  this  dielectric  to  that 
of  the  same  condenser  with  air  as  dielectric.  Values  of  e  for  various  substances 
are  given  in  Table  7,  §  73. 

The  parallel  wires  of  an  overhead  transmission  line  have  a 
certain  capacity,  depending  on*  their  geometrical  arrangement 
(§§  304-306),  and  so  have  the  conductors  in  a  cable  (§  311).  In 
these  cases  the  'charging  current/  which  is  leading  90°  in  ad¬ 
vance  of  the  impressed  E.M.F.,  maybe  of  considerable  importance, 
as  will  be  explained  in  due  course ;  the  capacity  in  a  cable  or  line 
is  practically  equivalent  to  a  very  high  resistance  in  parallel  with 
the  resistance  and  the  reactance  of  the  conductor,  so  it  does  not 
appreciably  affect  the  total  impedance. 

Where,  however,  capacity  is  in  series  with  resistance  (either 
alone  or  with  reactance  also)  it  must  be  taken  into  account 
(Chapter  25).  If  resistance  and  capacity  alone  are  present,  the 
effect  of  the  leading  capacity  current  is  to  cause  the  resultant 
current  to  load,  instead  of  to  lag  behind,  the  E.M.F.;  i.e.  the  re¬ 
sult  is  exactly  the  opposite  of  induction.  In  Fig.  10,  §  44,  this 
would  be  shown  by  drawing  AB ,  now  the  ‘capacity  reactance "  or 
conderisance,  still  at  right  angles,  but  in  the  opposite  sense;  and 
the  angle  <f>  would  be  on  the  opposite  side  of  AG.  If  both  in¬ 
ductive  reactance  and  capacity  reactance  are  in  series  with  re¬ 
sistance  they  are  in  direct  opposition  (180°  apart),  and  as  both  are 
expressed  in  ohms  their  difference  is  taken  by  vectorial  or  algebraic 
addition.  In  Fig.  10,  after  setting  off  the  inductive  reactance, 
AB,  tho  capacity  reactance  would  be  set  back  from  B  along  BA 
to  a  point  D ;  and  the  line  DC  would  then  represent  the  net 
impedance;  and  angle  <f>±  would  then  be  the  angle  of  phase 
difference,  either  lagging  (as  shown)  or  leading  if  the  capacity 
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preponderated  and  D  were  on  the  other  side  of  A.  In  symbols 
the  impedance  is  expressed  as 


where  C,  the  capacity,  is  expressed  in  ‘farads.5  Ordinarily 
capacities  are  expressed,  for  greater  convenience,  in  ‘  micro-farads  ’ 
or  millionths  of  a  farad  (jiF) ;  an  example  is  given  in  Chapter  25 
in  connection  with  the  use  of  condensers  for  electric  lighting 
circuits.  If  the  two  reactances  exactly  balance,  the  current  will 
be  in  phase  with  the  E.M.F.  and  the  impedance  will  be  the  same 
as  the  resistance ;  this  gives  the  conditions  necessary  for  resonance 
or  syntony  in  the  circuit,  which  may  cause  an  almost  unlimited 
rise  of  pressure  if  the  ohmic  resistance  is  low  enough. 

47.  Resonance  or  Syntony. — A  combination  of  inductance 
and  capacity  in  series*  has  a  definite  rate  of  electrical  oscillation 
or  frequency  of  its  own,  and,  if  L  and  K  have  such  a  relation  that 
this  natural  frequency  coincides  with  that  of  the  E.M.F.,  the 
E.M.F.  rises  just  as  the  pendulum  increases  its  swing  if  struck 
synchronously.  Thus,  consider  a  circuit  consisting  of  a  non-in¬ 
ductive  resistance  B  of  5  H,  an  inductance  L  of  0*5  H,  and  a 
capacity  G  of  5T  fiF,  all  in  series,  with  an  E.M.F.  of  100  Y  im¬ 
pressed  on  it,  and  ascertain  at  what  frequency  it  will  be  resonant. 
This  condition  of  4  critical  frequency  7  is  found  when  the  induc¬ 
tance  and  capacity  just  balance,  i.e.  when  ZirfL  -  1  /2irfG  =  0. 
This  equation  must  be  solved  for  /.  Substituting  the  above 
values  for  L  and  G  and  expressing  G  in  farads,  the  equation  be¬ 
comes  271 rf  x  0*5  -  (1  /  2t rf  x  0*  000  005  1)  =  0,  from  which  /  = 
100  periods  per  sec.  Put  in  another  way,  the  time  interval  be¬ 
tween  the  crests  of  successive  waves,  or  natural  frequency,  is 
27 t^/LC,  which  here  equals  6*28  x  ^/0*  000  002  55  or  0*01  sec. 
giving  100  periods.  The  wave  length,  that  is  the  distance  be¬ 
tween  the  crests  of  successive  waves,  or  between  points  of  equal 
intensity  of  electric  stress,  is  equal  to  the  velocity  of  propagation 
multiplied  by  the  time  interval.  Taking  the  velocity  of  propaga¬ 
tion  as  equal  to  the  velocity  of  light,  the  wave  length  here  will  be 
300  000  000  x  0*01  or  3  000  000  m. 

As  the  two  reactances  balance  at  the  critical  frequency,  the 
current  will  b§  ^simply  E  f  B  or  100  /  5  =  20  A,  and  it  will  be  seen 
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that  if  it  were  possible  to  reduce  the  ohmic  resistance  to  zero,* 
the  current  (and  therefore  the  pressure  rise  also)  would  be  infinite. 
In  the  example  chosen,  the  pressure  across  the  condenser  (which 
might  be  an  underground  cable)  would  be  1/  27 t/C  =  6  280  V,  and 
the  pressure  across  the  inductance  would  be  I  x  2rrfL,  giving  the 
same  figure.  (See  also  §  350.) 

The  above  is  a  case  of  resonance  of  the  fundamental  frequency 
of  100  periods  found  for  this  circuit ;  but  as  the  wave  of  an 
alternator  is  not  a  true  sine  wave,  but  contains  superposed  odd 
harmonics,  these  latter  may  also  give  rise  to  the  phenomenon, 
and  indeed  do  so  more  often  in  practice.  What  is,  however,  a 
danger  to  be  guarded  against  in  electrical  engineering  becomes  a 
most  valuable  aid  to  the  utilisation  of  high-frequency  currents  in 
wireless  telegraphy  and  medical  treatment ;  and  it  has  even  been 
proposed  to  utilise  resonance  in  the  transmission  of  power  to  ex¬ 
treme  distances  up  to  1  000  miles  by  means  of  ‘  half-wave 9  and 
4  quarter -wave  ’  systems  (§  318). 

Power  and  Work. 

48.  Current  and  Power. — The  practical  unit  of  electrical 
power  (' i.e .  the  rate  of  doing  work)  is  the  watt;  if  a  pressure  of 
100  V,  applied  to  the  terminals  of  any  apparatus,  causes  a  current 
of  2  A  to  flow  in  it,  then  the  power  used  in  that  apparatus  is  200 
W,  and  by  Ohm’s  Law  the  resistance  of  the  conductor  carrying 
the  current  will  be  50  H. 

1  watt  =  0*  001  34  H.P.  =  3*41  British  thermal  units 
(B.Th.U.)  per  hour  =  0'73  ft. -lb.  per  sea  =  44*24  ft.-lbs. 
per  min. 

Note. — A  British  thermal  unit  is  the  quantity  of  heat  required  to  raise  1  lb.  of 
water  1°  F.  It  is  equal  to  0*252  kg.-cal.  A  kg.-cal.  or  ‘great  calorie 1  is  the 
quantity  of  heat  required  to  raise  1  kg.  of  water  1°  C.  A  ‘  therm  *  is  100  000 
B.Th.U. 

49.  PR  Watts. — As  a  general  rule,  when  dealing  with  the 
power  utilised  or  expended  in  heat  in  any  circuit  or  apparatus, 
the  power  is  more  conveniently  obtained  by  the  derived  formula 
(§  17)  Watts  =  PR ,  which  in  the  above  case  gives  us  4  x  50  or 
200  W  as  before.  This  is  the  rate  at  which  energy  is  being  dis- 

*  Ohmic  resistance  reduces  the  peak  value  of  current  or  voltage  in  cases  of 
electrical  resonance,  just  as  friction  reduces  the  amplitude  of  mechanical  resou- 
jance. 
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sipated  in  the  conductor,  and  while  part  of  it  will  raise  the  tem¬ 
perature,  part  will  be  radiated  away.  Although  the  terms  are 
synonymous,  it  is  the  custom  to  confine  the  use  of  the  phrase 
PR  to  energy  wasted  uselessly  in  any  piece  of  apparatus  or  in  a 
line,  while  calling  the  power  usefully  employed  I  x  E  or  IE. 
Confusion  between  power  utilised  and  power  lost  in  transmission 
is  a  fruitful  source  of  misunderstanding,  and  a  simple  example 
may  serve  to  remove  this.  Suppose  two  conductors  to  have  a 
difference  of  potential  of  100  V  between  them,  which  is  maintained 
by  a  generator  under  all  conditions :  from  terminals  on  these  main 
conductors  two  wires,  each  having  a  resistance  of  0*5  X2,  are  led 
to  an  electric  heater  having  a  resistance  of  9  II  The  total  resistance 
in  this  external  circuit  will  therefore  be  10  XI,  and,  by  Ohm’s 
Law,  the  current  will  be  10  A.  The  total  power  in  the  circuit 
will  be  El  —  100  V  x  10  A  =  1  000  W  or  1  kW.  The  power 
lost  in  the  connecting  wires  is  102  x  1  or  100  W,  and  10  V  are 
lost  in  them.  The  power  usefully  employed  is  therefore  90  V  x 
10  A  =  900  W,  which  brings  the  total  up  to  1  kW.  This,  however, 
is  all  dependent  on  the  initial  assumption  that  the  generator  con¬ 
stantly  maintains  100  V  pressure  at  the  point  where  the  circuit 
under  consideration  begins.  If  it  is  sufficiently  powerful,  and  is 
driven  by  a  suitable  engine,  this  will  be  the  case.  But  although 
designed  to  give  100  V  pressure,  the  generator  may  be  incapable 
of  an  output  of  1  kW.  For  example,  the  source  of  power  may  be 
50  small  secondary  cells,  giving  a  pressure  of  100  V  on  open 
circuit.  If  now  the  internal  resistance  of  the  battery  has  a  value 
of  1  XI,  the  total  resistance  in  the  complete  circuit  becomes  11  XI, 
and  by  no  possibility  can  more  than  100  /  11  or,  say,  9  A  flow  in 
it.  The  example  given  in  §  21  will  help  to  make  this  clear. 

50.  Kilowatts. — For  convenience,  the  term  kilowatt  (kW)  is 
used  for  1  000  W  in  dealing  with  power  on  a  large  scale  : — 

1  kW  =  1  000  W  =  1*34  H.P.  =  737  ft.-lbs.  per  sec.*  =  56*86 
B.Th.U.  per  min. 

746  W  =  0*  746  kW  =  1  H.P.  =  550  ft. -lbs.  per  sec.  =  42*4 
B.Th.U.  per  min.  =  2*28  lbs.  water  per  hr.,  raised  from 
60°  F.  and  evaporated  at  212°  F. 


*This  is,  strictly  speaking,  only  true  at  sea-level  and  latitude  50°.  Elsewhere 
the  weight  of  a  mass  of  X  lb.  varies.  Consequently  a  string  of  decimals  of  a  kilo¬ 
watt,  etc.,  is  seldom  accurate,  apart  from  errors  of  instruments  and  other  dis¬ 
turbing  causes. 
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The  output  of  a  generator  is  expressed  in  kilowatts ;  thus  a 
generator  marked  100  Y,  50  A  would  have  an  output  of  100  x 
50/1  000  =  5  kW.  It  is  useful  to  remember  that  1  kW  supplied 
to  a  motor  will  generally  produce  1  brake  horse-power  at  the 
pulley ;  in  large  motors  the  B.H.P.  is  somewhat  higher  in  pro¬ 
portion. 

51.  Electrical  Horse-power. — It  has  been  often  noticed  that 
civil  engineers,  even  those  high  up  in  the  profession,  are  not  clear 
on  the  significance  of  the  International  horse-power;  i.e.  they  be¬ 
lieve  the  value  of  the  H.P.  to  differ  according  to  where  it  occurs 
in  a  chain  of  conversions,  instead  of  its  being  always  equivalent 
to  energy  expended  at  the  rate  of  550  ft.-lbs.  per  sec.  It  may 
therefore  not  be  amiss  to  give  two  examples  employing  the  con¬ 
stants  in  the  preceding  paragraphs,  on  the  basis  of  an  original 
1  H.P.,  premising  that  the  efficiencies  assumed  would  only  apply 
to  much  larger  plant. 


First,  a  turbine  utilising  330  lbs.  of  water  per  min.  under  a  head  of  100  ft. , 
giving  33  000  ft.-lbs.  per  min.,  or  1  theoretical  (or  water)  horse-power.  Then 
the  turbine,  if  it  has  an  efficiency  of  75  °/0,  will  give  0*75  B.H.P.  (brake 
horse-power).  If  this  is  used  to  drive  a  dynamo  with  an  efficiency  of  90  0/o 
the  latter  will  then  give  out  0*675  E.H.P.  (electrical  horse-power)  or  say  500  watts. 
Continuing  the  chain,  this  power  is  employed  to  drive  a  motor  with  an  efficiency 
of  motor  and  transmission  of  85  °/0  5  the  mo  to  will  then  give  out  0*  575 
B.H.P.  This  motor  drives  a  pump  with  an  efficiency  of  70  °/0,  which  will 
deliver  0*4  H.P.  to  the  column  of  water.  Thus  the  overall  efficiency  of  the  whole 
chain  is  0*75  x  0*9  x  0*85  x  0*7  =  0*4  or  40  °/0,  and  the  whole  of  the  original 
water  could  be  pumped  back  up  40  feet  of  its  original  fall  while  13  200  ft.-lbs. 
per  min.  would  be  recovered  from  33  000. 

A  similar  example  can  be  given  in  steam  practice.  It  will  be  seen  from  the 
constants  in  §  50  that  1  H.P.  is  equivalent  to  42*4  B.Th.U.  per  min.  The  heat 
contained  in  8  or  9  lbs.  of  coal  burnt  in  1  min.  would  be  generated  at  this  rate. 
Owing  to  the  low  thermal  efficiency  of  a  steam  engine,  coupled  with  the  losses  in 
the  boiler,  the  indicated  horse-power  in  the  engine  cylinder  would  be  about  0*22 
I.H.P.  and  the  crank  shaft  would  give  about  0*2  B.H.P.  The  generator  driven  by 
this  would  give  out  0*18  E.H.P.  (134  watts)  and  if  this  power  were  expended  en¬ 
tirely  in  heat  it  would  produce  7*6  B.Th.U.  per  min.  out  of  the  original  42*4  with 
an  overall  efficiency  of  18  °/Q. 


The  Continental  or  metric  horse-power  is  slightly  different, 
being  75  kg.-m.  per  sec.,  equal  to  736  W.  The  late  Professor 
Si  I  van u.s  Thompson  advocated  the  international  kilowatt  as  a 
preferable  unit  of  power,  to  replace  the  horse-power  entirely. 

5 2.  Work ;  Kilowatt-hour ;  Unit. — The  kilowatt-hour  (kWh) 
is  the  practical  commercial  unit  of  electrical  work  performed,  and 

48 


EXPLANATION  OF  ELECTROTECHNICAL  TERMS  §  5$ 

is  called  a  £  Board  o£  Trade  Unit’  (B.T.U.),  or  simply  a  £  unit/ 
when  dealing  with  the  consumption  of  energy  in  an  installation ; 
the  term  £  Kelvin '  is  also  used,  and  has  official  sanction,  but  has 
not  found  much  favour  as  yet : — 

1  kWh  or  B.T.U.  =  1  000  volt-ampere-hours  or  watt-hours 
=  1*34  H.P. -hours  -  2  656  400  ft.-lbs.  =  3  412  JB.Th.U. 
=  22*7  lbs.  of  water  raised  from  62°  to  212°  F.  =  3*1  lbs. 
water  raised  from  60°  F.  and  evaporated  at  212°  F. 

Obviously  either  1  kW  for  10  hours  or  5  kW  for  2  hours  will 
give  10  units. 

53-  Horse-power-hour. — It  will  be  convenient  here  to  give  also 
the  equivalents  of  the  practical  mechanical  unit  of  work,  the  horse¬ 
power  hour : — 

1  H.P.-hour  =  0*  746  kWh  =  1  980  000  ft.-lbs.  =  2  545  B.Th.U. 
=  17  lbs.  of  water  raised  from  62°  to  212°  F.  =  2*28  lbs. 
of  water  raised  from  60°  F.  and  evaporated  at  212°  F. 

In  calculating  the  capacity  of  storage  reservoirs  for  water¬ 
power  the  relations  in  this  and  the  previous  paragraph  will  be 
found  very  useful  ( see  example  at  the  end  of  §  239). 

54.  Measurement  of  Power  and  Work. — Watts  are  the  pro¬ 
duct  of  current  and  pressure,  and,  as  the  pressure  of  an  installation 
is  usually  fixed  within  narrow  limits,  the  product  of  this  fixed  or 
standard  pressure  and  the  amperes  will  give  the  power  in  the  circuit 
in  watts  at  any  one  time.  If  the  mean  power  over  any  given 
period  is  found,  i.e.  the  product  of  the  standard  pressure  and  the 
mean  current,  then  this  multiplied  by  the  time  will  give  the  work 
done  in  watt-hours.  This  may  obviously  be  expressed  also  as  the 
product  of  the  standard  pressure  and  the  ampere-hours. 

Most  of  the  domestic  supply  £  meters  5  on  continuous  current 
circuits  are  in  fact  integrating  ampere-hour  meters  calibrated  in 
B.O.T.  units  (§  114).  In  alternating  current  installations  integrat¬ 
ing  watt-hour  meters  are,  however,  generally  used  (§  115). 

Watt-hours  divided  by  1  000  give  kilowatt-hours  or  £  units 5 

(B.T.U.). 

55.  Power  in  Alternating  Current  Supply. — Where  the 
supply  is  alternating  current  the  product  of  volts  and  amperes 
does  not  necessarily  give  the  power  in  the  circuit,  as  the  waves  of 
pressure  and  current  may  be,  and  generally  are  to  some  extent, 
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out  of  phase  with  one  another  (§11).  It  is  necessary  in  such 
cases  to  multiply  the  product  in  volt-amperes  by  the  cosine  of  the 
angle  <p  of  phase  difference  (cos  <£>  is  commonly  called  the  ;  power 
factor  ’),  which,  under  ordinary  circumstances  met  with  in  practice, 
may  vary  from  0*6  to  unity  according  to  the  nature  of  the  circuit 
(§  157).  A  suitable  wattmeter  or  watt-hour  meter  will,  however, 
give  correct  indications.  It  is  necessary  to  differentiate  here 
between  true  power,  expressed  in  kilowatts,  and  apparent  power, 
expressed  in  kilo-volt-amperes.  This  point  is  discussed  in  the 
following  paragraphs,  and  many  examples  occur  in  Chapter  14. 

56.  True  and  Apparent  Power ;  Power  Factor. — Fig.  1, 

§  11,  is  a  diagram  showing  the  wave  form  of  an  alternating 
electromotive  force,  and  the  consequent  wave  of  current  in  a 
circuit.  In  explaining  this  diagram  in  §§  11,  37  it  was  stated 
that  these  two  waves  do  not  always  coincide,  or  are  not  always 
‘  in  phase 5  with  one  another ;  consequently  the  power  is  not 
always  the  product  of  the  pressure  and  current  as  shown  by  a 
voltmeter  and  an  ammeter.  If  the  instantaneous  values  of  current 
and  pressure  be  taken  at  any  moment  their  product  will  be  the 
power  at  that  moment ;  but  this  will  be  no  guide  either  to  the 
power  a  fraction  of  a  second  later  or  to  its  integrated  value 
during  the  whole  period.  If  in  the  case  of  Fig.  1  a  single  curve 
is  made,  on  the  same  scale,  to  represent  the  product  from  moment 
to  moment  of  the  instantaneous  values  of  current  and  pressure, 
this  resultant  curve  will  evidently  represent  the  actual  power  at 
each  instant.  Now  so  long  as  the  two  waves  are  both  positive, 
or  above  the  zero  line,  or  both  negative,  or  below  it,  the  algebraic 
result  must  be  positive  and  power  will  be  flowing  into  the  circuit; 
when  either  wave  is  on  the  zero  line  the  power  product  must  for 
the  instant  be  nil,  and  the  resultant  curve  must  be  crossing  the 
zero  line  also ;  while  for  so  long  as  one  wave  is  positive  and  the 
other  negative  the  resulting  power  must  be  negative  ( see  also 
Fig.  9,  §  37) — i.e.  power  is  going  back  momentarily  into  the 
generator  from  the  circuit,  just  as  in  the  single-acting  Willans 
engine  the  power  consumed  in  compressing  air  below  the  piston 
on  the  down  stroke  is  delivered  back  to  the  crank  on  the  return 
stroke.  The  resulting  power  curve,  P,  chain-dotted  in  Fig.  11,  is 
a  cosine  curve,  and  it  will  be  found  to  differ  from  those  of  which 
it  is  the  product,  as  it  will  complete  one  period  during  each  half 
period  of  the  supply;  and  the  areas  above  and  below  the  datum 
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line  may  be  equal  (Fig.  9,  §  37)  or  may  vary  until  the  negative 
component  vanishes  (Fig.  8,  §  37).  The  shaded  portion  of  the 
curve  below  the  datum  line  represents  power  momentarily  return¬ 
ing  to  the  circuit.  The  amplitude  of  the  cosine  power  curve  is 
half  the  product  of  the  amplitudes  of  the  constituent  sine  curves  ; 
its  axis  is  removed  above  the  axis  of  the  constituents  by  an 
amount  which  is  half  of  the  product  of  the  amplitude  of  the  con¬ 
stituents  multiplied  by  the  cosine  of  the  angle,  <£,  of  their  phase 
difference.  In  the  figure  the  current  is  1  /  12  of  a  period  or  30° 
out  of  phase  with  the  E.M.F.  (i.e.  <j>  =  30°),  the  maximum  value 
of  the  current  Im,  corresponding  to  50  A,  and  that  of  the  pressure, 
Ern ,  to  110  V  (instantaneous  values).  If  on  these  scales  the  pro¬ 
ducts  of  the  simultaneous  values  are  taken  throughout  a  whole 


period,  the  power  curve  can  be  plotted  from  these  products  as 
shown.  Its  amplitude  will  be  110  x  50  /  2  =  2  750  and  its  axis 
will  be  at  a  point  ^  x  110  x  50  x  cos  30°  =  2  380  above  the 
principal  axis.  The  maximum  instantaneous  positive  value  of  the 
power  will  be  4  760  W  at  the  peak  of  the  wave.  The  net  power 
delivered  to  the  circuit  will  be  the  difference  between  the  areas 
of  the  two  parts  of  the  curve  above  and  below  the  zero  line. 

From  this  several  facts  will  now  be  obvious.  In  the  first 
place,  if  the  waves  of  current  and  pressure  are  exactly  coincident 
in  phase  (Fig.  8,  §  37),  the  product  must  always  be  positive 
except  at  the  moment  it  touches  zero ;  the  circuit  is  then  said  to 
have  a  power  factor  of  unity.  Secondly,  if  the  waves  are  in 
quadrature  or  90°  out  of  phase  (Fig.  9,  §  37),  the  power  put  into 
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the  circuit  during  one  quarter-period  returns  to  the  generator 
during  the  next  quarter,  so  that  no  power  is  actually  delivered  at 
all,  despite  the  fact  that  the  volts  and  amperes  as  shown  on  the 
measuring  instruments  may  he  at  a  maximum ;  the  circuit  then 
has  a  power  factor  of  zero,  although  the  instantomeous  values  of 
the  power,  and  the  consequent  mechanical  stresses,  may  be  very 
great.  Thirdly,  in  cases  intermediate  between  these  extremes,  the 
actual  power  is  greater  or  less  according  to  the  extent  to  which 
the  current  is  out  of  phase  with  the  pressure,  as  will  he  seen  if  a 
series  of  curves  is  constructed  on  the  above  lines ;  and  the  power 
factor  varies  accordingly.  If  the  waves  are  out  of  phase  by  any 
particular  fraction  of  a  period  (expressed  as  an  angle,  in  degrees, 
in  relation  to  the  cycle  of  360°),  then  the  product  of  the  volts  and 
amperes  as  indicated  on  the  measuring  instruments  gives  the 
‘apparent  power’  in  volt-amperes  or  kilo- volt  amperes  (kVA); 
and  in  order  to  find  the  true  power  this  product  must  be  multiplied 
by  a  number  called  the  ‘  power  factor  ’  (P.F.),  which  is  the  cosine 
of  the  angle  of  phase  difference,  commonly  called  cos  </>  {see  also 
§§  109-111).*  Conversely,  to  find  the  apparent  power,  the  true 
power  must  be  divided  by  the  P.F.  In  practice  the  P.F.  may  be 
anywhere  from  0*5  to  unity,  though  generally  in  the  neighbourhood 
of  0*8.  Non-inductive  apparatus,  such  as  glow-lamps,  gives  a  P.F. 
of  unity,  i.e.  the  current  and  pressure  are  ‘  in  phase  ’  with  one 
another ;  f  in  transformers,  motors,  and  other  apparatus  having  an 
inductive  magnetic  circuit,  the  current  and  pressure  are  to  a  greater 
or  less  extent  ‘out  of  phase,’  resulting  in  a  P.F.  less  than  unity, 
which  varies  according  to  the  load  for  the  time  being.  This  remark 
applies  also  to  circuits  having  capacity  (§  46),  except  that  the 
current  is  then  in  advance  of,  instead  of  behind,  the  E.M.F.  This 

*  Referring  to  Fig.  10  (§  44),  the  power  factor  of  the  circuit  represented  by 
ABC  is  :  cos  <p  —  AC  /  CB  =  Besistance  J  Impedance.  If  the  circuit  contains  only 
resistance  R  and  inductance  L,  the  impedance  =  *J[R2  +  (2ir fL)'2].  Then 

cos  <p  =  R/  +  (2 :»/£)’]  =  1  /^[i  + 

which  is  sometimes  a  useful  relation. 

fit  should  be  noted  that  the  fact  that  current  and  pressure  waves  are  in 
phase  is  not  alone  sufficient  to  make  the  power  factor  unity ;  the  waves  must  also 
be  similar,  i.e.  the  resistance  must  be  constant.  Even  if  the  inductive  effect  of 
the  control-magnet  coils  of  an  A.0.  arc  he  eliminated,  so  that  the  pressure  and 
current  waves  are  in  phase,  the  current  wave  is  distorted  by  the  varying  resistance 
of  the  arc  and  the  power  factor  is  less  than  unity  (§  166). 
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is  more  fully  dealt  with  in  connection  with  transmission  of  power 
(Chapter  14). 

Returning  to  the  power  curve  in  Fig.  11,  its  average  value  can 
be  proved  to  be  %EmIm  cos  <f>  or  110  x  50  x  O'  866  /  2  =  2  380  W. 
That  this  is  so  can  also  be  found  by  using  the  R.M.S.  values 
instead  of  the  maxima.  As  shown  on  instruments,  the  E.M.F. 
will  be  110 /*/2  =  77*7  V  and  the  current  50  /  ^/2  =  35*35  A.  In 
this  particular  case  the  phase  difference  between  E  and  I  is  30° 
and  the  P.F.  is  therefore  cos  30°  or  0*  866,  so  that  the  power  will 
be  77*7  x  35*35  x  0*  866  =  2  380  W*  This  alternative  method 
of  consideration  amounts  to  pointing  out  that  >J2  x  2  /  2 
=  unity. 

By  way  of  example,  suppose  on  an  alternating  current  supply  there  are 
50  lamps,  taking  100  W  each,  or  5  kW  at  110  V ;  the  current  will  then  be  45*5  A, 
as  the  load  is  non-inductive  and  the  waves  of  pressure  and  current  will  rise  and 
fall  together.  The  P.F.  is  therefore  unity  and  the  consumption  will  be  5  units 
per  hour.  If  on  the  same  supply  there  is  a  motor,  also  consuming  5  units  an 
hour,  and  therefore  also  taking  5  true  kilowatts,  but  having  a  P.F.  of  0*8,  then 
the  apparent  power  taken  by  the  motor  will  not  be  5  kW  but  5  /  0*8  or  6*25  kVA. 
Therefore  the  current  will  be  6-25  /  110  or  56*9  A,  instead  of  45*5,  and  the  wires 
must  be  of  larger  size  accordingly.  The  power  factor  0*8  is  the  cosine  of  36°,  so 
this  will  be  the  value  of  </>,  the  angle  of  phase  difference,  on  the  assumption  that 
the  waves  are  sine  waves. 

The  average  value  of  the  product  of  two  sine  waves  90°  out 
of  phase  with  one  another  is  zero,  and  this  is  almost  the  case  with 
the  pressure  and  current  in  the  primary  coil  of  a  transformer  on 
4  open  circuit/  i.e.  with  no  current  flowing  in  the  secondary  coil 
(§  37).  Although  the  full  pressure  is  on  the  primary  coil,  and  is 
causing  a  current  to  flow  which  fully  magnetises  the  iron  core  on 
which  the  coils  are  wound,  the  power  used  is  extremely  small, 
viz.  only  what  is  used  in  heating  up  the  wires  and  in  magnetising 
and  demagnetising  the  iron  at  each  cycle  (i.e.  hysteresis,  §  34). 
The  balance  is  returned  to  the  circuit,  at  each  half-cycle,  as  shown 
in  the  shaded  part  of  Fig.  11.  If  a  current  is  taken  from  the 
secondary  coil,  and  increased  in  amount,  the  two  waves  tend  to 
coincide,  and  the  power  factor  rises ;  but  it  never  reaches  unity 
in  a  transformer. 

57.  Energy  Stored  in  Magnetic  and  Electrostatic  Fields.— 

The  energy  stored  in  a  magnetic  field  of  density  JET  lines  per 
sq.  cm.  is  H-  /  8*7t  ergs  per  cu.  cm.  of  the  field.  A  more  convenient 
form  of  this  expression  for  the  case  of  a  solenoid  of  IT  ampere- 
turns  linked  with  a  total  flux  of  <E>  lines,  is :  Energy  stored  in 


§  58  ELECTRICAL  ENGINEERING  PRACTICE 

magnetic  field  =  <E>/r/20ergs  =  \LI2  x  107  ergs,  where  L  =  self- 
induction  of  coil,  in  henries.  The  energy  thus  stored  is  expended 
in  a  vicious  arc  at  the  contacts  if  an  inductive  circuit  he  interrupted 
suddenly.  Another  striking  example  of  energy  so  stored  may  be 
seen  in  the  case  of  a  shunt  motor ;  on  opening  the  main  switch 
the  kinetic  energy  of  the  armature  is  expended  in  generating  a 
current  which  flows  through  the  field  coils,  and  the  machine  is 
soon  stopped  by  this  ‘ electrodynamic  braking.’  If  the  field  wind¬ 
ing  is  relatively  powerful  or  'heavy/  the  energy  stored  in  it  will 
cause  the  armature  to  make  a  few  revolutions  in  the  reverse 
direction  after  it  has  come  to  rest  for  the  first  time. 

The  energy  stored  in  a  condenser  of  capacity  C  farads  when 
charged  to  a  potential  difference  of  V  volts  is  :  \ GV 2  x  107  ergs. 

The  above  assumes  a  constant  field  or  a  constant  state  of 
charge  of  the  condenser.  If  the  field  is  produced  by  a  sinu¬ 
soidal  current  the  energy  stored  during  one  quarter-cycle  is 
iLIm2  x  107  ergs  where  Im  =  max.  value  of  current.  Similarly, 
if  the  condenser  be  charged  by  sinusoidal  E.M.F.,  the  energy 
stored  during  one-quarter  cycle  =  iCVm2  x  107  ergs,  where 
Vm  =  max.  value  of  applied  pressure. 

(1  joule  =  107  ergs  =  0*  735  ft.-lb.) 

58.  Bibliography. — At  the  end  of  each  chapter  in  this  book 
there  will  be  found  a  short  list  of  textbooks  which  the  authors 
can  recommend  as  being  useful  for  further  study.  These  lists 
are  not  offered  as  being  complete,  but  every  effort  has  been  made 
to  present  a  useful  and  impartial  selection.  As  regards  papers 
read  before  institutions  and  societies,  it  would  be  impracticable 
to  give  a  complete  bibliography,  and  the  authors  have  therefore 
decided  to  mention  in  the  bibliographical  lists  only  those  papers 
which  have  been  read  before  the  Institution  of  Electrical  En¬ 
gineers  (London).  The  Journal  of  the  Institution  is,  or  should 
be,  in  the  possession  of  most  readers  of  this  book.  Valuable 
references  to  papers  and  articles  in  other  publications  are  to  be 
found  in  Science  Abstracts . 

The  books  mentioned  below  deal  with  broad  subjects  or  give 
data  of  more  or  less  general  applicability  in  all  branches  of  elec¬ 
trical  engineering.  The  bibliographies  appended  to  later  chapters 
include  publications  bearing  directly  on  the  subject  matter  of  the 
respective  chapters. 
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Standards ,  etc. 

Reports  of  the  Committee  on  Electrical  Standards  (Cambridge  University 
Press). 

Clauses  relating  to  definitions  in  I.E.E.  Wiring  Rules  (Spon.) ;  H.O.  Electricity 
Regulations  for  Factories  and  Workshops  ;  and  H.O.  Regulations  as  to  Installa¬ 
tion  and  Use  of  Electricity  in  Mines  (Stationery  Office). 

B.E.S.A.  Reports  :  No.  77. — Electrical  Pressures  for  New  Systems  and  In¬ 
stallations. 

No.  108. — Graphical  Symbols  for  Electrical  Purposes. 

General  Electrical  Textbooks. 

Elementary  Lessons  in  Electricity  and  Magnetism.  S.  P.  Thompson  (Mac¬ 
millan). 

Practical  Electricity.  W.  E.  Ayrton  and  T.  Mather  (Cassell). 

Electricity  and  Magnetism.  R.  T.  Glazebrook  (Cambridge  University  Press). 
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MATERIALS. 

59.  Classification  by  Conductivity:  Conductors  and  In¬ 
sulators.' — The  materials  used  in  electrical  engineering  may  easily 
and  conveniently  be  divided  into  the  two  main  groups  ‘con¬ 
ductors’  and  ‘insulators/  There  is  no  such,  thing  as  a  perfect 
insulator,  for  all  substances  conduct  electricity  to  a  greater  or  less 
extent,  but  the  difference  in  resistivity  between  ‘  conductors  ’  and 
‘  insulators  ’  is  so  enormous  that  there  is  no  possible  ambiguity 
iu  this  classification.  Thus  slate,  which  is  a  relatively  poor  in¬ 
sulator,  has  a  specific  resistance  of  about  100  megohms/cm. -cube, 
whilst  that  of  a  high-resistance  alloy  may  be  120  microhms/cm.- 
cube;  the  ratio  between  these  values  is  8*3  x  10n:  1.  The  ratio 
between  the  specific  resistances  of  the  worst  and  best  conductors 
is  much  smaller,  e.g .  the  specific  resistance  of  nichrome  is  110 
microhms/em.-cube  at  0°  C.,  or  about  seventy  times  that  of  copper 
at  the  same  temperature. 

In  addition,  however,  to  the  main  division  between  conductors 
and  insulators  it  is  convenient  to  discriminate  between  good  and 
bad  conductors.  This  may  be  done  by  reserving  the  term  ‘  con¬ 
ductor  ’  for  high-conductivity  materials  such  as  copper  and  alu¬ 
minium  or,  in  general,  for  materials  used  where  conductivity  is 
desirable  and  resistance  is  objectionable;  and  by  applying  the 
term  ‘resistance  materials’  to  high-resistance  alloys  and  other 
materials  which  are  used  deliberately  to  dissipate  energy,  as  in 
motor  starters  and  heating  elements.  There  is  no  clear  boundary 
between  conductors  and  resistance  materials  as  thus  defined.  For 
instance,  steel  has  a  sufficiently  high  resistance  to  justify  its  use 
as  a  resistance  material,  yet  it  is  sometimes  used  as  a  conductor 
where  great  mechanical  strength  is  required.  Similarly  liquid 
solutions  (electrolytes)  of  metal  salts  and  acids  are  necessarily  used 
as  conductors  in  batteries  and  electrolytic  deposition,  but  they  are 
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used  as  resistance  materials  in  some  types  of  motor  starters  and 
controllers. 

Taking  the  resistance  of  copper,  the  principal  ‘  conductor,5  as 
1*0,  that  of  'resistance  alloys5  is  from  12  to  70,  and  that  of  'in¬ 
sulators  5  is  many  thousands  of  millions. 

Constants  of  conductors  and  resistance  materials  are  given  in 
Table  6  (p.  66),  and  of  insulating  materials  in  Table  7  (p.  78). 

6o.  Classification  by  Other  Physical  Properties. — Though 
conductivity  and  insulation  are  two  of  the  most  important  pro¬ 
perties  of  materials  used  in  electrical  installations,  there  are  other 
physical  properties  which  must  be  considered,  e.g . : — 

(a)  Mechanical  Properties,  such  as  ductility,  strength,  modulus  of 
elasticity,  etc.,  which  determine  the  applicability  of  the  material  from  the  con¬ 
structional  point  of  view.  These  properties  have  specially  to  be  considered 
where  very  fine  wires  are  concerned  (e.g.  lamp  filaments) ;  where  stresses  are 
severe  (e.g.  in  high-speed  rotors,  transmission  line  spans,  etc.) ;  and  where  rela¬ 
tively  weak  material  (such  as  porcelain)  used  for  insulation,  is  subjected  to  severe 
mechanical  stress. 

The  density  of  a  material  is  principally  of  importance  in  regard  to  the  estima¬ 
tion  of  the  weights  of  parts.  These  factors  are  useful — 

Weight  per  cu.  ft.,  in  lb.  =  62*43  x  density. 

Weight  per  cu.  in.,  in  lb.  =  0*036  x  density. 

Weight  per  cu.  cm.,  in  grm.  =  density. 

(b)  Thermal  Characteristics. — The  temperature  coefficient  of  expansion  of 
a  material  is  important  where  exact  dimensions  have  to  be  maintained  (as  in 
certain  instruments)  ;  where  expansion  and  contraction  vary  the  stresses  between 
points  which  are  fixed  mechanically  (as  in  long  rigid  conductors  or  transmission 
line  spans) ;  where  differences  in  expansion  may  crack  joints,  etc.  (as  in  lamp 
bulbs,  composite  insulators,  etc.) ;  and  in  liquids  where  convection  currents  con¬ 
tribute  to  natural  cooling  (as  in  oil-immersed  transformers).  The  specific  heat  of 
a  material  is  important  where  absorption  or  storage  of  heat  is  concerned,  low 
specific  heat  being  desirable  where  minimum  absorption  and  rapid  heating  are 
required,  and  high  specific  heat  being  desirable  for  maximum  storage  of  heat. 
Thermal  conductivity  is  important  in  determining  the  rating  of  machinery  and 
the  efficiency  of  furnaces,  etc.  ;  it  should  be  high  where  unavoidable  heat  losses 
have  to  be  dissipated  as  rapidly  as  possible  (e.g.  through  the  insulation  of 
machine  windings),  but  it  should  be  low  where  heat  losses  have  to  be  reduced  (as 
from  electric  furnaces).  The  melting-point  of  a  material  determines  the  maxi¬ 
mum  temperature  at  which  it  can  be  operated  in  solid  form,  and  this  is  of  practical 
importance  in  connection  with  lamp  filaments,  refractory  bricks,  etc.,  but  the 
limiting  temperature  at  which  conductors  can  be  operated  is  generally  the  maxi¬ 
mum  temperature  at  which  their  insulation  can  be  operated  without  deteriora¬ 
tion  (§  80). 

(c)  Magnetic  Properties. — The  magnetic  properties  of  iron  and  certain' 
special  iron  alloys  (§  82)  are  essential  to  commercial  electrical  machines  and 
transformers.  With  the  exception  of  the  iron  group  there  are  no  magnetic 
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materials  of  commercial  importance.  Non-magnetic  materials  are  definitely 
required  where  self-induction  and  magnetic  leakage  are  to  be  avoided.  XJnfor- 
unately  there  is  no  magnetic  insulator;  ‘  non-magnetic  *  materials  are  those 
which  have  no  higher  permeability  (§  43)  than  air. 

(d)  Electrical  Properties  other  than  Conductivity. — The  conductivity 
(or  resistivity)  of  a  ‘  conductor  ’  (§  59)  is  its  only  electrical  property  of  practical 
importance.  On  the  other  hand,  the  resistivity  of  insulators  is  relatively  unim¬ 
portant  and  generally  indeterminate  (§  71).  The  insulation  resistance  of  a  wind¬ 
ing  or  network  (§§  4,  281)  is  generally  determined  by  moisture  or  by  conducting 
particles;  the  resistivity  of  the  insulation  itself  is  so  high  that,  in  the  absence  of 
such  foreign  influences,  break-down  occurs  by  puncture  when  the  electrostatic 
stress  exceeds  the  dielectric  strength  of  the  material  (§  72). 

The  capacity  of  any  condenser  increases  in  direct  proportion  to  the  specific 
inductive  capacity  (§  46)  of  the  dielectric.  The  conductors  of  insulated  cables  act, 
with  regard  to  each  other  and  to  earth,  as  the  electrodes  of  condensers  in  which 
the  insulating  material  is  the  dielectric  ;  the  higher  the  specific  inductive  capacity 
of  the  insulating  material,  the  greater  the  quantity  of  electricity  required  to 
charge  the  cable  and,  therefore,  the  heavier  the  charging  current  (§  311).  The 
different  specific  inductive  capacities  of  various  insulating  materials  (Table  7) 
makes  it  possible  to  control  the  potential  gradient  in  a  ‘graded  insulation’ 
(§§  79,  289). 

The  reversal  of  electrostatic  stress  in  any  insulation  subjected  to  alternating 
P.D.  involves  dielectric  hysteresis  (analogous  to  magnetic  hysteresis,  §  34) ;  the 
energy  thus  expended  in  the  dielectic  heats  the  latter  and  may  represent  an 
appreciable  loss  (§  311). 

(e)  Chemical  Properties. — Purity  and  homogeneity  are  desirable  in  most 
electrical  materials;  for  example,  small  traces  of  impurity  increase  greatly  the 
resistance  of  copper  and  the  conductivity  of  the  cast  metal  is  lower  than  that  of 
rolled  copper.  Homogeneity  in  insulating  materials  makes  for  uniformity  in 
dielectric  strength  ;  air  films  are  particularly  to  be  avoided  (§  79). 

Resistance  to  moisture  and  coi'rosion  (atmospheric  or  chemical)  is  generally  a 
desirable  and  often  an  essential  characteristic. 


According  to  the  relative  importance  of  the  above-mentioned 
properties  in  individual  applications,  electrical  materials  can 
be  classified  in  any  number  of  groups.  For  our  purpose,  it  is 
convenient  to  adopt  the  general  classification:  Conductors,  re¬ 
sistance  materials,  insulating  materials,  magnetic  and  non¬ 
magnetic  materials,  and  refractories.  Data  bearing  on  other 
characteristics  are  given  where  of  special  interest. 

6i.  Temperature  Coefficient  of  Resistance. — The  specific 
resistance  (§  18)  of  any  material  is  a  constant  for  any  specified 
temperature,  but  varies  with  temperature.  The  resistance  of 
copper  and  most  other  conductors  increases  with  temperature, 
i.e.  the  temperature  coefficient  of  resistance  is  positive.  Con- 
stantan  and  other  useful  alloys  have  practically  constant  resist¬ 
ance  within  wide  limits  of  temperature,  i.e .  they  have  zero  (or 
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nearly  zero)  temperature  coefficient  of  resistance.  The  resistance 
of  carbon,  of  electrolytes,  and  of  india-rubber  and  other  dielectrics 
(§  71)  decreases  as  the  temperature  rises,  i.e.  the  temperature  co¬ 
efficient  of  resistance  is  negative.  The  positive  temperature  co¬ 
efficient  of,  say,  iron  may  be  used  to  compensate  for  the  negative 
coefficient  of  the  electrolyte  in  electrolytic  ampere-hour  meters 

(§  H4). 

In  general,  the  resistance  of  a  conductor  varies  with  tempera¬ 
ture  according  to  the  law 

Bt  =  i?0  (1  +  at)  ....  (1) 

where  Bt,  B0  are  the  resistances  at  temperatures  t°  and  0°  0.  and 
a  is  the  temperature  coefficient  of  resistance  per  1°  C.*  This 
simple  relation  holds  good  only  for  a  limited  range  of  tempera¬ 
ture,  say  100°  C.  The  resistance  at  temperature  t  is  expressed  in 
terms  of  the  resistance  at  0°  C.  If  the  resistance  be  R'*:  at  some 
other  temperature  t'  we  have:  B't  =  R0(  1  +  at').  Dividing  this 
equation  by  equation  (1),  we  have — 

Bt  _  1  +  at'  _  a(t'  -  t) 

~Ri  ~  1  +  at  ~  1  +  1  +  at  ’ 

whence  .  R/  =  2^1  +  •  O’  ~  0j- 

This  means  that  the  resistance  at  a  temperature  t!  can  be  calcu¬ 
lated  directly  from  the  resistance  at  a  temperature  t  (without 
reference  to  the  resistance  at  0°  G),  by  using  the  formula — 

Bt  -  Bt[  1  +  0(t  -  t)]  .  .  .  .  (2) 

in  which  0  =  a/(  1  +  at)  =  1  j  +  t^. 

In  other  words,  if  a  be  the  temperature  coefficient  of  resistance 
for  equation  (1),  which  is  based  on  resistance  at  0°  C.,  then  0  is 
the  temperature  coefficient  of  resistance  for  equation  (2),  in  which 
the  basic  resistance  is  that  at  t°  C. 

For  copper,  a  =  0*  004  265  at  0°  C. ;  and  0  =  1  /  (284-5  +  t)  =  1  /  (234*5  +  20)  = 
0*  003  93  at  20°  0.  If  the  resistance  B20  at  20°  C.  be  known  we  could  calculate  the 
resistance  B0  at  0°  C.  from :  B2(i  —  R0  (1  +  ‘004  265  x  20)  =  1*  085  3  R0 ;  and  the 
resistance  R^  at  30°  0.  from :  B =  R0  (1  +  *004  265  x  30)  =  1*128  B0,  but  it  is 
simpler  to  work  from  :  j Ba0  —  B20  (1  +  *003  93  x  10)  —  1  “  039  3  R2f).  The  result 
obtained  is  the  same  by  both  methods. 


The  temperature  coefficient  per  1°  F.  =  %  x  the  coefficient  per  1°  C. 
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The  variation  of  resistance  of  a  conductor  with  temperature 
may  be  utilised  to  determine  the  temperature  of  the  conductor 
(§  122). 

Conductor  Materials  {see  Table  6,  p.  66). 

62.  Copper. — Copper  is  by  far  the  most  extensively  used 
electrical  conductor,  combining,  as  it  does,  high  electrical  con¬ 
ductivity  with  excellent  mechanical  properties  and  relative  im¬ 
munity  from  oxidation  and  corrosion  under  service  conditions. 
Electrolytic  copper  is  practically  pure.  The  smallest  traces  of 
impurities  increase  enormously  the  resistance  of  the  metal. 
Hard  drawn  wire  is  used  for  overhead  conductors  (§  307),  due 
to  its  superior  tensile  strength ;  for  most  other  purposes  the 
softer,  annealed  wire  (§  280)  is  used,  this  having  2  or  3  °/o 
lower  resistance.  Rolled  bars  are  used  where  large  sections  are 
concerned.  Copper  castings  are  liable  to  be  unsound.  Copper 
gauze  brushes  are  still  used  on  low  voltage,  heavy  current 
dynamos  for  electroplating,  etc.* 

The  international  standard  of  resistance  for  copper ,  as  laid 
down  by  I.E.C.  Publication  No.  28,  is  based  on  the  following 
values : — 

Standard  Annealed  Copper  at  20°  C.  (68°  F.). 

(i)  Resistance  of  a  wire  1  metre  long  and  of  uniform  section  1  sq.  mm.  = 

1  /58  a  =  0*  017  241  XI  (=  volume  resistivity ,  §  18). 

(ii)  Density,  8'89  grm.  per  cu.  cm. 

(iii)  ‘  Constant  mass  *  temperature  coefficient  of  resistance,  0*  003  93  per  degree 
Centigrade. 

(iv)  Resistance  of  uniform  wire  1  metre  long,  weighing  1  grm.  =  0*  153  28  n 
(=  mass  resistivity ,  §  18). 

It  is  stipulated  that  the  conductivity  of  commercial  annealed 
copper  be  expressed  as  a  percentage,  at  20°  C.,  of  that  of  standard 
annealed  copper.  The  temperature  t°  C.,  at  which  measurements 
are  made,  must  be  within  ±  10°  C.  of  20°  C.,  i.e.  between  10°  C. 
and  30°  C.  Then  if  B  be  the  resistance  at  t°  C.  of  a  copper  wire 
L  metres  long  weighing  m  grm.,  the  percentage  conductivity  of 
the  copper  is — 

,00  0*153  28 

(iJw/Z2)+  0-000  6(20  -  t)  '  '  ^ 

*  Sparking  and  wear  on  the  commutator  may  be  reduced  by  soaking  the 
brushes  periodically  in  a  mixture  of  vaseline  and  finest  graphite  ;  this  treatment  % 
is  permissible  only  for  low  voltage  machines  (10-15  V). 
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Data,  consistent  with  those  above,  adopted  by  the  B.E.S.A., 
are  as  follows : — 

Standard  Annealed  Copper  at  60°  F.  (15*6°  C.). 

Weight  =  555*11  lbs.  per  cu.  ft. 

Specific  gravity  =  8*892. 

TT7  .  .  ,  ,  area  in  sq.  in. 

Weight  per  yard  =  0-  000  ula  a52  f5 

=  11*  564  x  (area  in  sq.  in.)  lbs.,  approx. 

«  .  ,  „  ,  ,  0*000  0240079  ^ 

Resistance  per  yard  (annealed)  =  a~  v- —  ^  a. 

^  ,  ,  ,  0*  000  024  728  n 

„  (hard-drawn)=  a— Tnl^a_  a,  approx. 

Resistance  per  1 000  yds.  (annealed)  —  n  /  W  n ;  where 
W  =  weight  of  wire  in  grains  per  yard ;  and 
n  =  1  943  for  plain  standard  annealed  copper 

=  1  982  for  tinned  wire  from  0*007  in.  to  0*036  in.  dia.  inclusive 
=  1  962  for  tinned  wire  exceeding  0*036  in.  dia. 

Coefficient  of  linear  expansion  =  0*  000  009  44  per  1°  F. 

=  0*000  017  per  1°  C. 

The  temperature  coefficient  of  resistance  of  standard  annealed 
copper  is  0*  004  26  at  0°  C.  and  0*  003  93  at  20°  C.  (§  61).*  The 
coefficient  decreases  with  the  percentage  conductivity  of  the 
copper  (as  expressed  at  (I)  above) ;  down  to  90  %  conductivity 
the  temperature  coefficient  of  resistance  of  copper  of  p  °l0  con¬ 
ductivity  may  be  taken  as  ( p  /  100)  x  the  temperature  coefficient 
of  standard  annealed  copper  at  the  same  temperature. 

B.  Welbournf  gives  the  following  values  for  the  modulus  of 
elasticity  of  hard-drawn  copper  strands: — 

20  000  000  lbs.  per  sq.  in.  for  7-strand  cable. 

17  500  000  „  „  „  19-  „ 

15  500  000  „  „  „  37-  „ 

63.  Aluminium. — Aluminium  is  often  used  in  place  of  copper 
for  bus-bars  and  overhead  transmission  lines  and,  less  frequently, 
for  insulated  cables  and  windings.  It  is  much  lighter  than 
copper  (the  ratio  of  the  densities  being  1 :  3*42),  and  its  electrical 
conductivity  and  mechanical  strength  are  lower  than  those  of 

*For  a  temperature  rise  of  50°  C.,  which  is  not  uncommon  in  practice 
the  resistance  at  0°  0.  must  be  multiplied  by  1  +  (50  x  0*004  26)  —  1*213.  This 
shows  the  futility  of  expressing  commercial  electrical  quantities  to  within  1  in 
1  000 ;  only  when  all  relevant  conditions  are  stated  can  there  be  any  justification 
for  such  expression. 

f  Jour.  I.E.E. ,  Yol.  56,  p.  53. 
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copper,  in  about  equal  ratios,  so  that,  for  equal  electrical  conduc¬ 
tivities,  aluminium  and  copper  conductors  are  of  nearly  equal 
strength.  The  wind  pressure  and  weight  of  snow  are,  however, 
greater  on  an  aluminium  line  than  on  a  copper  line  of  equal 
conductivity  because  (the  specific  conductivity  of  aluminium  being 
about  61  %  that  of  copper),  the  aluminium  line  is  of  65  °/0 
greater  cross-section  and  28  °/Q  greater  diameter  than  the  equiva¬ 
lent  copper  line.  The  relative  weight  of  electrically  equivalent 
conductors  is  aluminium  0*48,  copper  1*0,  so  that  the  bare  metals 
are  about  equally  economical  when  the  price  of  aluminium  is 
2*08  times  that  of  copper.  Additional  information  on  the  use  of 
aluminium  for  overhead  lines  is  given  in  §§  308,  331. 

The  larger  diameter  of  the  conductor  renders  insulated  alu¬ 
minium  cables  much  more  costly  than  copper  cables  of  equal 
conductivity;  on  the  other  hand,  the  larger  diameter  with  alu¬ 
minium  reduces  dielectric  stress  and  corona  loss  at  the  surface  of 
high,- voltage  conductors. 

Aluminium  was  used  instead  of  copper  in  the  armature  and 
field  windings  of  motors,  generators,  etc.,  and  in  transformers 
built  in  Germany  during  the  Great  War,  and  it  has  been  claimed 
that  such  machines  compete  in  efficiency  and  price  with  copper- 
wound  machines.  Aluminium  is,  however,  at  an  obvious  dis¬ 
advantage  wherever  the  space  for  windings  is  limited. 

The  thin  film  of  oxide  which  forms  on  the  surface  of  alu¬ 
minium  makes  soldering  a  matter  of  some  difficulty  and  uncertainty. 
Mechanical  joints  (bolts,  clamps,  twisted  sleeves,  etc.)  are  used 
extensively,  and  welded  joints  have  been  used  in  aluminium 
windings.  (See  also  §  383.) 

The  use  of  aluminium  in  lightning  arresters  and  rectifiers  is 
mentioned  in  §  346  and  Chapter  17. 

64.  Iron  and  Steel  as  Conductors. — The  magnetic  properties 
of  iron  and  steel  are  discussed  in  §§  81-84.  The  resistivity  of 
steel  is  about  six  or  eight  times  that  of  copper,  so  that  steel  is 
used  as  a  conductor  only  when :  (i)  mechanical  strength  is  specially 
important;  or  (ii)  so  large  a  cross-section  is  required,  for  other 
reasons  than  for  conductivity,  that  steel  is  more  economical  than 
copper  (§  309). 

(i)  All  steel  and  steel-cored  copper  or  aluminium-stranded  wires  are  used  for 
very  long  spans  in  overhead  lines  (§§  309,  331),  and  tinned  or  galvanised  small 
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steel  wires  are  often  used  with  copper  for  strength  in  small  flexible  wires  and 
cables . 

(ii)  Low-carbon  steel  is  used  for  conductor-rails  in  traction  circuits  (Chapter 
35).  The  British  Standard  method  of  specifying  the  resistance  of  such  rails 
(B.E.S.A.  Beport  No.  68)  is  to  state  the  resistance  in  microhms  at  60°  F.  (15-6°  C.) 
of  a  rail  of  the  same  material  as  the  conductor  rail  in  question,  having  a  length  of 
1  yd.  and  a  weight  of  100  lbs.  As  thus  specified,  the  resistance  of  fiat-bottom 
conductor  rails  now  in  use  ranges  from  15  to  19*5  microhms  (mean  18  microhms) 
per  100-lbs.  yard;  whilst  that  of  specially  hard  X  rails  ranges  from  19*8  to  20*5 
microhms  (mean  20*2  microhms)  per  100-lbs.  yard.  For  chemical  analyses,  and 
conversion  formulae  and  tables  reference  should  be  made  to  B.E.S.A.  Beport 
No.  68. 

Iron  pipes  are  sometimes  used  as  bus-bars ,  and  steel  is  fairly  satisfactory  for 
slip  rings. 

Iron  wires,  used  in  Germany  during  the  war  to  replace  copper,  have  been 
proposed  for  normal  use  in  small  domestic  installations  where  the  section  of 
copper  required  for  mechanical  strength  is  greater  than  would  be  needed  for 
conductivity  alone.  It  is  possible  that  stainless  iron  or  steel  may  find  an  ap¬ 
plication  in  this  field.  Galvanised  iron  wire  has,  for  a  similar  reason,  been 
found  economical  in  overhead  lines  supplying  small  rural  loads  (§  331.) 

Wherever  iron  or  steel  is  used  as  a  conductor  the  possible 
importance  of  skin-effect  (§§  38,  309)  should  be  considered. 

The  specific  resistance  of  grey  cast  iron  is  roughly  ten  times 
that  of  steel  and  seventy  times  that  of  copper ;  for  this  reason,  no 
reliance  should  be  placed  upon  the  metal  of  a  cast-iron  joint  box 
for  carrying  appreciable  current. 

Apart  from  the  increase  in  resistance  due  to  temperature 
coefficient  (§61  and  Table  6,  p.  66),  the  resistance  of  iron  increases 
greatly  and  suddenly  at  the  temperature  of  recaleseence  (about 
680°  C.).  This  phenomenon  is  utilised  in  the  ballast  resistance 
of  the  Nernst  lamp  to  compensate  for  the  unstable  pressure- 
current  characteristic  of  the  filament  itself.  It  is  also  employed 
in  other  applications  as  an  automatic  current  regulator,  the 
principle  being  that  the  iron  wire  (enclosed  in  a  hydrogen-filled 
bulb)  is  brought  nearly  to  red  heat  by  the  normal  current  of  the 
circuit ;  an  increase  of  current  then  brings  the  iron  to  the  tempera¬ 
ture  of  recaleseence,  greatly  increases  its  resistance,  and  thus  limits 
the  increase  of  current. 

65.  Other  Metallic  Conductors. — The  notes  on  these  are 
necessarily  brief  and,  for  convenient  reference,  the  metals  are 
arranged  alphabetically. 

Bismuth. — When  bismuth  is  placed  in  a  magnetic  field,  the  electrical  re¬ 
sistance  of  the  metal  increases,  nearly  in  proportion  to  the  field  strength.  A  spiral 
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coil  of  bismuth  wire  wound  non-inducfcively,  calibrated  by  reference  to  a  magnetic 
standard,  and  used  in  conjunction  with  a  Wheatstone  bridge,  is  sometimes  used 
to  measure  field  strengths  (§  121).  It  is  unsuitable  for  alternating  fields  due  to 
time  lag  in  the  changes  of  resistance. 

Brass  for  casting  generally  contains  66  °/0  copper  and  34  °/0  zinc.  Sound 
castings  are  obtained  more  easily  than  in  copper.  The  alloy  is  cheaper  than 
copper  and  is  used  for  various  current-carrying  parts  in  which  the  cross-section 
is  determined  by  mechanical  rather  than  electrical  considerations. 

Bronze. — Silicon  bronze  and  phosphor  bronze  wires  are  used  for  long  spans 
in  overhead  conductors  (§  331).  Silicon  bronze  consists  of  copper  and  up  to 
5  °/0  of  silicon,  and  a  typical  phosphor  bronze  contains  Cu,  92*5 ;  Sn,  7 ;  P,  0*5. 
Constants  for  both  types  of  bronze  are  given  in  Table  49,  §  331. 

Cadmium-copper . — Alloys  containing  up  to  1*1  °/Q  cadmium  give  wires 
which  are  stifier,  harder,  and  of  higher  tensile  strength  than  hard-drawn  copper 
(Table  49,  §  331).  The  annealing  temperature  is  raised,  1*1  %  cadmium  wires 
softening  only  slightly  at  260°  0. 

Lead. — This  metal  is  used  for  sheathing  various  types  of  insulated  wires  and 
cables,  particularly  where  moisture  is  to  be  excluded.  The  addition  of  about 
3  °/0  tin  increases  the  tensile  strength  50  °/0.  Lead  is  also  used  in  bimetal  fuse 
wire  and  for  interconnecting  the  plates  and  cells  of  accumulator  batteries. 

Mercury. — This  metal  is  made  the  basis  of  the  international  definition  of  the 
ohm  (§  3).  It  is  used  for  making  and  breaking  contact  in  many  types  of  apparatus, 
but  is  suitable  only  for  weak  currents  and  low  voltages,  and  should  be  used  in 
vacuo  or  protected  from  air  by  a  layer  of  oil  to  avoid  oxidation.  The  use  of  mer¬ 
cury  in  lamps  and  rectifiers  is  mentioned  in  Chapters  25  and  17  respectively. 

Nickel  is  malleable  and  resists  corrosion.  It  is  used  for  connections  in  heat 
ing  and  cooking  apparatus,  for  supports  in  glow  lamps,  and  for  sparking  plug 
electrodes.  It  is  a  constituent  of  many  important  resistance-alloys  (§  67). 

Nickel  Steels  offer  a  wide  range  of  valuable  properties.  High-tensile  steels 
(3  °/0  Ni)  are  used  for  large  dynamo  frames  and  high-speed  rotors.  For  spark¬ 
ing-plug  electrodes  22  °/0  Ni  steel  is  suitable.  The  25  °/c  Ni  steel  is  non-magnetic 
(§  84).  Invar  is  36  °/0  Ni  steel  and  has  practically  zero  temperature  coefficient  of 
expansion.  As  a  substitute  for  platinum  leading-in  wires  for  lamps,  etc.,  there  is 
used  platinite  (46  °/0Ni  steel)  or  a  38  °/0  Ni  steel  wire  copper-coated. 

Platinum  was  formerly  used  for  the  leading-in  wires  of  glow  lamps  and  for 
contact  pieces,  but  its  price  has  become  prohibitive ;  see  Nickel  Steels  and  Tung¬ 
sten. 

Selenium. — When  suitably  annealed,  selenium  assumes  a  crystalline  form, 
and  has  then  the  curious  property  that  its  electrical  conductivity  varies  (roughly) 
as  the  square  root  of  the  intensity  of  illumination  upon  the  specimen.  Different 
workers  advise  different  methods  of  preparing  the  material,  and  quote  widely 
different  values  for  the  electrical  resistance,  light  sensitivity,  and  time  lag  in  re¬ 
sponse.  The  conductivity  may  increase  100-200  times  or  more  when  the  material 
is  taken  from  a  dark  room  into  sunlight ;  some  specimens  increase  in  resistance 
when  taken  from  dark  to  light,  but  the  change  in  resistance  of  such  ‘light 
negative’  material  is  generally  very  small.  The  time  lag  in  the  changes  of  re¬ 
sistance  under  varying  illumination  may  be  reduced  by  suitable  treatment  of  the 
material,  and  selenium  cells  are  used  to  control  flashing  buoys,  and  in  the  electri¬ 
cal  transmission  of  pictures;  also  in  devices  for  enabling  the  blind  to  read  by 
sound,  and  in  the  recording  and  reproduction  of  sound  for  ‘  talking  (cinema)  pic¬ 
tures.’ 
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Th  is  reported  {FA.  Rev.,  Vnl.  80,  p.  717)  that  synthetic  anUmnnito  may  be  **  *’*! 
as  a  substitute  for  selenium,  it.- having  no  approdable  lag  in  r«vij»*»ttdiug  I**  vnrift 
tions  in  light,. 

Silver  has  higher  conductivity*  than  copper,  hut,  in  too  eimtly  for  general  u-»»\ 
It  is  used  for  special  contacts  unless  a  more  refractory  metal  in  required,  <v/.  plat 
inurii  or  tungsten. 

Tin  is  used  for  fuses  (§  ttlii)  ami  to  prevent  nmtuallv  injurious  aetiMii  between 
rubber  and  copper  {§  At  joint*,  tin  prevent*  common  and  help;  t«*  ensure 

good  contact,  whether  by  soldering  or  clamping. 

Tungsten  is  now  the  standard  material  for  the  filaments  «if  glow  lamp*  d  hap 
tor  25)  and  thermionic  valves  (Chapter  17),  and  is  used  for  sparking  point  j  an  I 
contact  pieces.  Its  refractory  nature  makes  the  manufacture  of  the  nodal 
diflicult.  The  ore  is  reduced  to  tungsten  powder  which  is  compressed  into  Ido,  1, 
and  sintered  by  the  passage  of  a  heavy  current.  My  swaging,  rolling,  and  re 
pouted  drawing  the  sintered  rods  can  hr  reduce*!  to  win*  of  1  mil  diameter,  Th** 
initial  stages  of  mechanical  working  have  to  fm  conduct ed  at  fejuperatune  s  ii^wosi 
1  (XX r  and  1  /XXT  0.,  hut  as  working  proceeds  the  ductility  increases  ami  the  o-m 
peraturu  may  be  reduced.  The  tensile  strength  of  drawn  tungsten  wire  from  I  t  > 
5  mils  in  diameter  is  from  2iH)  to  tiOO  tons  p*  r  ;*q.  in. 

Tungsten  steels  are  used  for  permanent  magnet  i  (3  HU). 

Mine  is  used  to  galvanise  steel  cores  and  armouring  wires  a  ■•»  u  prdc*  u>*n 
against  rusting.  It  was  used  in  place  of  copper  m  windings  and  *  aide*  in 
Germany  during  the  war,  hut  was  found  difficult  to  handle  due  *«»  it  =»  |»riUl«i»»’o. 
The  electrical  conductivity  is  lens  than  half  that  of  ahmnnium  and  h*Ue  mor** 
than  mia-fourth  timt  of  copper. 

66.  Carbon  and  Graphite.  (Jarlxm  in  fur  «lcrirm*i 

purposes  in  its  amorphous  form  (lampblack,  clmmntl,  jjhn  c*h»rt 
carbon,  putroh*um-eoki\  **tc. ;  *p.  <^r.  1  H  in  2  0)  and  in  it m  #*r\  utal 
line  form  (graphite,  np.  ^r.  2'tt).  One  or  more  varmthra  *4  f  he 
amorphous  form  are  ground  finely,  mixed  with  tar  or  pitch  a* 
binder,  moulded  under  pressure  and  baked  out  of  contact  with  air 
in  order  to  obtain  dense  and  strong  amorphous  carbon  for  use  nn 
electrodes  in  arc  lamps  or  electric  furnaces.  My  beat  treatment 
in  an  electric  furnace,  the  electrodes  may  !*m  *  ^ruphitiaed.4 

Carbon  brushes  for  electrical  machinery  are  made  by  a  *4mil*ti 
process;  the  principal  types  are  m  follow*  ; 


Amorphous  etnlmn  hruahtix,  to  which  n  t* in  nil  jH*r*  engage  <4  graphic  o  otjn 
time#  added  to  reduce  friction,  nr#*  generally  hard  enough  to  mwr  U»«?  mi  **  Jnvrd 
with  tho  commutator  bars,  and  are  therefor**  suitable  where  ae  »  wml**- 
eut.’  Thccoittlicjcni  of  friction  U  usually  betw *-««  O'J'Jamt  o  *ri ,  u*<  pntao «•»!•?« 
current  density  M  to  40  A  i>er  sq,  in. ;  and  the  njirnifir  roi<*ano*  1  duo  *4  .**»» 
microhms  per  in.-cuhe, 

(traphilined  brushes  arc  made  from  a  mixture*  mduuimg  morn  u*  u***  gmphu**, 
and  the  amorphous  carbrm  is  couvorUd  to  the  graphuM*  b*rm  l*>  h«rat»n*.:  in  «n 
electric  furnace.  These  brushes  an*  relatively  soft  and  it  may  W  m-*  ««***  t- 
under-cut  the  micas.  The  coefficient  of  friction  o  morally  }*d  we«  n  n  m  and  o->.\ 
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§  67  ELECTRICAL  ENGINEERING  PRACTICE 

the  permissible  current  density  55  to  60  A  per  sq.  in. ;  and  the  specific  resistance 
600  to  1  200  microhms  per  in.-cube. . 

Graphite  brushes ,  made  from  graphite  with  a  small  proportion  of  binder,  are 
very  soft  and  should  be  used  with  under-cut  micas.  The  coefficient  of  friction  is 
low,  from.  0*12  to  0*17 ;  the  permissible  current  density  from  60  to  65  A  per  sq. 
in. ;  and  the  specific  resistance  from  600  to  1  000  microhms  per  in.-cube. 

Metal-graphite  brushes  contain  a  proportion  of  powdered  metal  (generally 
copper)  which  increases  the  conductivity.  This  type  of  brush  is  suitable  only  for 
slip  rings  or  low-voltage  commutators  (up  to  100  V).  The  coefficient  of  friction  is 
from  0*18  to  0*20 ;  and  the  permissible  current  density  is  from  60  to  100  A  per 
sq.  in.  on  commutators  (50  %  higher  on  slip  rings),  according  to  the  pro¬ 
portion  of  metal  in  the  brush.  For  electroplating  dynamos  (up  to  10  or  12  V) 
metal-graphite  brushes  are  available  with  specific  resistance  as  low  as  7  microhms 
per  in.-cube ;  other  brushes,  containing  less  copper,  range  from  100  to  500  microhms 
per  in.-cube. 

Other  uses  of  carbon  are  for  glow  lamp  filaments,  arcing  tips, 
and  rheostats.  Carbon  filament  glow  lamps  are  still  used  where 
their  energy  consumption  is  of  secondary  importance  or  where  (as 
in  radiator  lamps)  it  is  actually  requisite.  Carbon  arcing  tips 
are  used  to  break  circuit  in  switchgear,  because  they  are  damaged 
but  slightly  by  arcing  and  are  easily  renewed  (§  365).  The 
critical  voltage  required  to  maintain  an  arc  between  carbon  elec¬ 
trodes  is  higher  than  that  required  between  metal  electrodes  (say 
35-40  V  compared  with  12-15  Y).  For  this  reason,  and  because 
of  its  very  high  melting-point,  and  the  relatively  low  electrical 
conductivity  of  the  carbon  arc  (compared  with  the  metallic  arc), 
carbon  is  more  effective  than  metals  as  a  material  for  the  arcing 
contacts  of  switchgear,  provided  that  its  mechanical  weakness  does 
not  prevent  its  being  used.  Carbon  powder,  granules,  and  plates 
are  used  for  rheostats  of  various  types ;  the  resistance  being  vari¬ 
able  within  wide  limits  by  changing  the  mechanical  pressure 
applied  to  the  material.  A  line  drawn  with  a  ‘  lead  ’  pencil  on  a 
piece  of  ground  glass  can  be  used  as  a  high  resistance  (of  the 
megohm  order). 

Carbon  differs  from  most  metallic  conductors  in  that  it  has  a 
negative  temperature  coefficient  of  resistance  (Table  6).  Except 
where  carbon  is  used  as  a  resistance  material,  this  negative  tem¬ 
perature  coefficient  is  advantageous ;  for  instance,  the  resistance 
of  carbon-furnace  electrodes  may  be  50  7„  lower  at  the  working 
temperature  than  at  atmospheric  temperature. 

67.  Resistance  Materials. — Conductors  of  high  resistance  are 
used  where  it  is  actually  desired  to  dissipate  electrical  energy  as 
eat,  e.g .  in  starting  and  regulating  apparatus  for  motors  (Chapter 
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29),  in  heating  and  cooking  apparatus  (Chapter  26),  and  so  forth. 
In  such  cases  it  is  usual  to  speak  of  the  high-resistance  conductors 
as  ‘  resistances/  and  to  say  that  they  are  used  as  c  resistance  coils/ 

‘  resistance  elements/  or  ‘  heating  elements/ 

The  British  Standard  specification  for  metallic  resistance 
materials  (B.E.S.A.  Report,  No.  115)  divides  these  materials  into 
five  classes : — 

(A)  For  use  when  a  low  temperature  coefficient  is  required  at  temperatures 
not  exceeding  60°  C.  (as  in  standard  resistances  and  sub-standard  instru¬ 
ments).  The  permissible  temperature  coefficient  is  +  0*  000  02  per  1°  C., 
within  the  range  10°  to  60°  C. 

(B)  For  use  when  the  temperature  coefficient  may  vary  more  than  in  Class 
(A)  and  at  temperatures  not  exceeding  200°  C.  (as  in  instruments  other 
than  sub-standard).  The  permissible  temperature  coefficient  is  + 
0*  000  04  per  1°  C.  within  the  range  10°  to  100°  C. 

(C)  For  use  when  the  temperature  coefficient  may  vary  over  a  wide  range  and 
at  temperatures  not  exceeding  300°  C. 

(D)  For  use  at  high  temperatures  not  exceeding  700°  C.  (as  in  heating  ap¬ 
paratus). 

(E)  For  use  at  high  temperatures  not  exceeding  1  000°  C.  (as  in  heating  ap¬ 
paratus). 

In  classes  (C),  (D),  (E)  the  temperature  coefficient  is  to  be  stated  by  the 
supplier  who  must  also  declare,  for  all  classes,  the  thermal  E.M.F.  of  the  material 
against  copper  at  0°  and  100°  C. 

The  resistance,  Ry  of  any  conductor  is  given  by :  R  =  pi/ A 
(§  18).  The  specific  resistance,  p,  is  a  constant  of  the  material  em¬ 
ployed,  but  any  number  of  values  can  be  given  to  the  length,  Z, 
and  cross-section,  A ,  of  the  conductor  to  obtain  the  desired  value 
for  R.  The  resistance  must  be  designed  with  reference  to  the 
current  to  be  carried,  for  the  energy  dissipated  as  heat  is  T2R 
watts  (§  49),  and  this  causes  a  temperature  rise  which  is  greater 
the  smaller  the  radiating  surface  of  the  wire.  Though  the  total 
resistance  requirod  may  be  the  same,  it  is  necessary  to  use  a  larger 
wire  or  strip  for  a  heavier  current  and  a  greater  length  is  then  re¬ 
quired  to  provide  the  desired  resistance.  It  does  not  follow  that 
material  of  higher  specific  resistance  is  better  than  one  of  lower 
specific  resistance  for  a  particular  purpose.  The  amount  of  energy 
to  be  dissipated  and  the  permissible  temperature  rise  may  be  such 
that  it  is  more  convenient  or  more  economical  to  use  the  material 
of  lower  specific  resistance.  Tables  of  current-carrying  capacity 
for  wires  of  various  materials  and  sizes,  for  specified  temperature- 
rises,  are  applicable  only  to  a  particular  set  of  cooling  facilities. 
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In  practice,  it  is  generally  necessary  to  find  by  experiment  the 
best  material,  dimensions,  and  arrangement  of  resistances,  for  the 
purpose  concerned. 

As  shown  by  Table  6,  nickel  is  an  ingredient  of  many  important  resistance 
materials ;  alloyed  with  chromium  it  furnishes  wires  which  can  be  operated  in¬ 
definitely  at  red  heat  in  air  without  becoming  brittle  or  seriously  oxidised. 
Backer*  claims  to  have  discovered  a  magnesium  alloy  suitable  for  use  in  heating 
apparatus  and  electrical  machinery  when  insulated  only  by  an  oxide  film  produced 
by  boiling  the  metal  in  water. 

Glow  lamps  are  sometimes  used  as  resistances,  particularly  when  charging 
small  accumulators  from  lighting  supply. 

Mixtures  of  carbon  dust  and  carborundum  and  prepared  blocks  of  similar 
composition  are  used  between  lightning  arresters  and  earth,  and  between  generator 
neutrals  and  earth  to  limit  the  current  flowing  (§§  346,  354). 

Silit  consists  of  a  mixture  of  silicon  carbide  and  silicon,  or  of  silicon  carbide 
alone  (see  also  carborundum,  §  85).  It  has  been  used  considerably  on  the 
Continent  for  electric  heating  elements.  The  material  is  supplied  in  the  form  of 
tubes  or  rods  and  can  be  turned  or  cut  to  shape.  The  resistance  at  1  000°  C.  is 
said  to  be  about  one-third  of  that  at  atmospheric  temperature,  but  to  be  nearly 
constant  between  1  000  and  1  400°  C.  Silit  is  unaffected  by  heating  to  1  400°  0.  in 
air. 

Liquid  resistances  are  discussed  in  §  68  and  Chapter  29. 

68.  Electrolytes. — Electrolytes  are  conductors  of  electricity 
which  are  chemically  decomposed  by  the  passage  of  direct 
current  f ;  generally  they  are  liquids  (as  in  primary  and  secondary 
batteries  (§  127  and  Chapter  18),  and  electroplating  vats,  etc. 
(Chapter  88),  but,  at  high  temperatures,  electrolytic  conduction 
and  decomposition  occur  in  many  refractory  materials  (furnace 
linings,  glass,  etc.)  which  are  insulators  when  cold. 

It  is  characteristic  of  electrolytes  that  their  specific  resistance 
decreases  rapidly  as  the  temperature  rises,  the  temperature  co¬ 
efficient  for  aqueous  solutions  of  metallic  salts  and  of  acids  being 
usually  between  -1*5  %  and  -  4  °/Q  per  1°  C. 

Liquid  resistances,  as  used  for  motor  control  (Chapter  29),  as 
a  load  for  generators  on  test  (Chapter  40),  or  for  ‘  dimming  ’ 
lights  in  theatres,  consist  of  electrolytes  into  which  dip  metal 
electrodes ;  by  varying  the  submerged  area  of  electrodes  or  the 
distance  between  them,  the  resistance  in  circuit  may  be  altered 
within  wide  limits.  The  electrolytes  most  used  for  such  purposes 

*  El.  Ind.  and  Invest,  March  30,  1921,  p.  395. 

+  Some  electrolytes  are  decomposed  appreciably  by  alternating  current,  but,  in 
general,  the  chemical  effect  of  one  half-cycle  is  undone  by  the  next  half-cycle  of 
current  at  all  commercial  supply  frequencies,  and  provided  that  there  is  no  recti¬ 
fying  action  (Chapter  17). 
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are  solutions  of  common  salt,  sodium  carbonate,  and  sulphuric 
acid. 

69.  Water. — Pure  water  is  an  insulator,  but  practically  all 
substances  are  to  some  extent  soluble  in  water,  and  ordinary 
‘  tap  water  ’  and  water  present  in  hygroscopic  materials  as 
4  moisture  ’  are  relatively  good  (electrolytic)  conductors  due  to  the 
substances  dissolved  in  them*  Water  from  town  mains  is 
sufficiently  conducting  to  be  used  as  a  resistance  in  water-jet 
lightning  arresters  (§  346),  and  as  an  artificial  load  for  high- 
voltage  generators.!  Water  can  also  be  used  for  an  A.C.  high- 
voltage  potentiometer  but  not  for  D.C.  measurements,  because  it 
would  then  be  decomposed  by  electrolysis. 

Many  of  the  most  used  insulating  materials  are  highly  hygro¬ 
scopic,  and  moisture  is  probably  the  commonest  cause  of  insulation 
break-downs  (§§  71,  72).  It  reduces  both  the  specific  resistance 
and  the  dielectric  strength  of  insulating  materials  and,  in  con¬ 
junction  with  dust  and  dirt,  it  is  responsible  for  much  trouble 
from  surface  leakage.  Where  surface  leakage  is  liable  to  occur, 
the  form  and  finish  of  the  surface  should  be  such  as  to  offer 
minimum  lodgment  for  dust.  Moisture  increases  the  power  losses 
in  dielectrics,  but  its  influence  on  the  risk  of  break-down  is  of 
primary  importance.  ( See  also  §§  74,  77.) 

Insulating  Materials. 

70.  Characteristic  Properties  of  Dielectrics.  —  The  pro¬ 
perties  which  determine  the  suitability  or  otherwise  of  a  material 
for  use  as  a  dielectric  (§  4)  are  :  (i)  its  specific  resistance,  §  71; 
(ii)  its  dielectric  strength  or  break-down  voltage,  §72;  (iii)  its 
specific  inductive  capacity,  §  60  ( d ) ;  and  (iv)  its  dielectric  hyster¬ 
esis  (§§  60  (cZ),  311).  In  addition  to  these  electrical  criteria, 
there  must  be  considered  the  mechanical  properties  of  the  material, 
and  its  ability  to  withstand  moisture,  chemical  attack,  heat,  or 
other  conditions  of  the  proposed  service. 

Unfortunately,  the  electrical  properties  of  insulating  materials 
vary  widely  with  many  factors,  including :  Dimensions  of  test- 
piece  ;  RM.S.  value,  wave  form,  and  frequency  of  test  voltage  ; 

*  Eor  conductivity  curves,  set  *  Examination  of  Water  by  Electrical  Methods,1 ’ 
by  Digby,  Jour .  I.E.E. ,  Vol.  45,  p.  541. 

f  ‘  Artificial  Load  for  Testing  Electrical  Generators,’  by  Morcom  and  Morris, 
Jour.  l.E.E. ,  Yol.  41,  p.  137. 
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temperature  and  moisture  of  test-piece  ;  and  mechanical  pressure 
on  test-piece.  The  data  given  in  Table  7  have  been  compiled 
from  many  sources,  and  may  be  taken  as  typical  values,  but  as 
will  appear  from  §§  71,  72,  the  range  of  values  is  necessarily 
wide  and  a  high  factor  of  safety  must  always  be  provided  in 
electrical  insulation  to  allow  for  the  effect  of  moisture,  heat,  and 
mechanical  stress,  and  for  abnormal  electrical  stress  due  to 
pressure  surges  (§  345),  or  to  burrs,  sharp  edges,  etc.  (the  small 
radius  of  curvature  of  which  produces  intense  local  stress 

(§§  78,  288). 

71.  Specific  Resistance  of  Insulating  Materials  :  Leakage 
Current. — It  is  one  of  the  requirements  of  an  insulating  material 
that  its  specific  resistance  should  be  high  (§  59)  in  order  that  the 
c  leakage  current ’  flowing  through  the  insulation  may  be  small. 
The  actual  value  of  the  specific  resistance  is  reduced  greatly 
by  the  presence  of  moisture  (§  69)  and  decreases  rapidly 
with  temperature  rise.  For  these  reasons  the  specific  resistance 
of  dried  specimens  tested  under  laboratory  conditions  bears  no 
definite  relation  to  the  ‘  insulation  resistance  ’  of  complete 
machines,  cables,  wiring  installations,  and  the  like  under  service 
conditions.  Apart  from  variations  in  the  specific  resistance,  it  is 
rarely  possible  to  calculate  the  effective  cross-section  of  the  leakage 
path  offered  by  the  insulation,  hence  it  is  usual  to  take  these 
factors  into  account  by  measuring  the  resultant  insulation  re¬ 
sistance  under  service  conditions ;  thence  the  leakage  current  may 
be  calculated  by  applying  Ohm’s  Law  (§  17,  and  Chapter  40). 
Insulation  resistance  measurements  are  of  little  value  (except  as 
regards  ascertaining  that  the  resistance  does  not  fall  below  a  pre¬ 
scribed  limit,  Chapter  40),  unless  all  the  conditions  of  test  are 
specified  in  detail.  The  quantity  of  moisture  absorbed  by  such 
materials  as  fibre  or  pressboard  varies  with  the  duration  of  ex¬ 
posure  and  natural  drying  (without  applied  heat)  may  extend 
over  a  period  of  months,  the  insulation  resistance  meanwhile 
rising  to  10  or  100  or  more  times  that  of  the  damp  material. 

The  reduction  in  specific  resistance  of  an  insulating  material 
with  rise  of  temperature  is  often  compensated  to  some  extent  by 
moisture  being  expelled  as  the  temperature  rises.  It  is  therefore 
difficult  to  obtain  consistent  data,  and  it  would  be  unwise  to  base 
any  predictions  upon  calculations  unsupported  by  confirmatory 
tests  made  under  service  conditions.  From  data  published  by 
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various  investigators  it  appears  that  the  decrease  in  specific  re¬ 
sistance  between  20°  C.  and  30°  C.  is  from  15  to  25  %  f°r 
mica ;  about  30  %  for  rubber ;  about  50  °/o  for  guttapercha  ; 
and  from  60  to  70  °/Q  for  cellulose,  fibre,  glass,  and  porcelain. 
At  a  temperature  of  70c  to  80°  C.  the  specific  resistance  of 
cellulose,  fibre,  porcelain,  and  moulded  compositions  may  be 
from  to  of  the  value  at  20°  C.  The  yet  greater  decrease 
in  insulation  resistance  at  temperatures  in  the  neighbourhood 
of  500°  to  1  000°  C.  is  of  great  importance  in  relation  to  the 
insulation  of  sparking  plugs,  heating  elements,  and  electric 
furnaces. 

Low  insulation  resistance  permits  appreciable  leakage  current 
to  flow  through  the  insulation ;  the  PR  watts  (§  49)  thus  dissipated, 
together  with  the  heating  produced  by  dielectric  hysteresis 
(§60  ( d)\  cause  the  temperature  of  the  insulation  to  rise.  This 
results  in  a  decrease  of  insulation  resistance,  and  an  increase  of 
leakage  current  and  heating.  In  extreme  cases  the  insulation  is 
broken  down  by  the  combined  effect  of  heat  and  electrolytic 
action  and,  in  any  case,  the  losses  in  the  dielectric  are  objection¬ 
able  in  that  they  raise  the  power  factor  of  the  charging  current ; 
this  is  of  practical  importance  where  cables  are  concerned  (§  311). 

72.  Dielectric  Strength:  Break-down  Voltage. — Though 
break-down  of  insulation  maybe  caused  by  leakage  current  (§71), 
it  is  generally  caused  by  the  dielectric  stress  exceeding  the 
*  dielectric  strength  ’  of  the  material.  Both  the  dielectric  stress 
or  pressure  gradient  and  the  dielectric  strength  are  expressed  in 
terms  of  potential  difference  per  unit  thickness.  The  dielectric 
strength  of  thin  materials  such  as  paper,  mica,  insulating  tape, 
and  pressboard  is  expressed  in  volts  per  mil  or  volts  per  mm., 
whilst  that  of  porcelain,  slate,  air,  etc.,  is  more  conveniently  ex¬ 
pressed  in  volts  per  cm.  Unfortunately,  the  dielectric  strength  is 
not  directly  proportional  to  the  thickness  of  the  dielectric  but  is 
relatively  greater  for  thin  sheets  or  plates ;  thus  the  break-down 
voltage  of  a  1-inch  plate  is  much  less  than  1  000  times  that  of  a 
sheet  1-mil  thick.  This  lack  of  proportionality  is  due  partly  to 
the  electrostatic  field  not  being  uniform  and  partly  to  the  inability 
of  heat  to  escape  rapidly  from  the  central  portions  of  thick  di¬ 
electrics;  the  outer  skin  surface  is  also  probably  a  factor  of  im¬ 
portance  in  paper  and  similar  materials. 

There  are  wide  variations  between  the  values  of  dielectric 
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strength  determined  by  different  observers,  these  being  explained 
by  the  fact  that  the  dielectric  strength  varies  with  the  following 
factors : — 

(a)  The  structure,  homogeneity  and  quality  of  the  sample. 

(5)  The  uniformity  or  otherwise  of  the  electrostatic  field,  as  determined  by 
the  size  and  shape  of  the  electrodes,  and  by  the  thickness  and  shape  of  the  sample. 

(c)  The  thickness  of  the  sample,  as  explained  above. 

(d)  The  wave  form  of  the  test  voltage,  and  the  rate  and  duration  of  applica¬ 
tion  of  voltage. 

(e)  The  moisture  content  of  the  specimen. 

(/)  The  heat  capacity  of  the  electrodes. 

It  is  the  maximum  voltage  which  causes  break-down  to  occur  and  the  relation 
between  this  and  the  R.M.S.  voltage  varies  with  the  crest  factor  (§  30)  of  the 
voltage  wave.  In  X-ray  work  it  is  convenient  to  measure  the  very  high  voltages 
employed  by  reference  to  the  length  of  spark  gap  (in  air)  which  is  broken  down, 
and  this  demands  a  knowledge  of  the  dielectric  strength  of  air  in  terms  of  peak 
voltage  (§  78),  but  for  machines,  cables,  etc.,  it  is  more  convenient  to  express  the 
dielectric  strength  in  terms  of  R.M.S.  voltage,  a  sinusoidal  test-wave  being 
assumed.  The  wave  form  has  also  an  influence  on  the  manner  in  which  the 
dielectric  is  stressed  and  fatigued,  so  that,  for  example,  a  C.O.  pressure  is  less 
severe  on  a  dielectric  than  is  an  A.C.  pressure  of  the  same  maximum  value  ;  this 
is  important  in  relation  to  C.C.  pressure  tests  on  cables  (Chapter  40),  but  for 
ordinary  operating  voltages  it  may  be  assumed  that  C.C.  induces  the  same 
dielectric  stresses  as  sinusoidal  A.C.  of  the  same  maximum  value  (§  298). 

Rapid  increase  and  prolonged  application  of  voltage  favour  break-down,  hence 
it  is  usual  to  specify  both  of  these  factors,  a  reasonable  rate  of  increase  being 
1  000  V  per  min.  when  approaching  the  test  pressure  or  anticipated  break-down 
voltage,  and  the  standard  time  of  application  being  1  min. 

Moisture  reduces  greatly  the  dielectric  strength  of  all  hygroscopic  insulating 
"materials,  and  every  precaution  must  be  taken  to  exclude  it  by  impregnating 
and  sheathing  fibrous  materials.  The  effect  of  moisture  on  oil  is  mentioned  in 
§  77. 

With  incu'easing  temperature  the  dielectric  strength  of  all  insulating  materials 
decreases ;  this  effect  may  be  masked  by  the  recovery  of  dielectric  strength  due 
to  the  drying  hygroscopic  material,  or  it  may  be  accentuated  by  the  formation  of 
water  and  acid  products  at  higher  temperatures  (as  where  certain  condensation 
products  (§  74,  Villa)  are  used). 

From  an  extensive  series  of  tests  by  W.  S.  Flight  *  it  appears  that  typical 
values  for  the  reduction  in  break-down  voltages  at  100°  G.  compared  with  those  at 
30°  C.  are  : — 

For  mica,  and  mica-papers  and  -cloths  .  .  .  5  to  15  °/D 

For  paper  fullerboard,  and  wood . 15  „  30  0/o  f 

For  varnished  papers  and  varnished  cloths  .  .  .  40  ,,  50  °/0 

For  untreated  fibre,  micarta,  and  moulded  compositions 
which  liberate  moisture  when  heated  .  .  .  .  60  ,,  80  °/0 


*  Jour.  I.E.E. ,  Vol.  60,  p.  218. 

t  Sometimes  the  dielectric  strength  is  greater  at  100°  0.  due  to  drying-out. 
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The  factors  determining  dielectric  strength  are  so  numerous, 
and  of  such  great  but  variable  importance,  that  the  adequacy  of 
particular  constructions  can  be  determined  only  by  break-down 
tests  under,  as  nearly  as  possible,  the  actual  conditions  of  service. 

At  the  Annual  Convention  of  the  American  Institute  of  Electrical  Engineers 
in  1922  ( see  Jour.  Amer.  I.E.E. ,  Vol.  41,  p.  973)  Steinmetz  stated  that  there 
appeared  to  be  no  such  thing  as  a  defintie  break-down  voltage  or  break-down 
gradient  in  solid  insulation.  A  solid  insulator  appears  to  be,  at  least  in  many 
cases,  a  third-class  or  pyro-electric  conductor.  On  the  application  of  a  gradually 
increasing  voltage,  the  current  increases  at  first  in  proportion  to  the  voltage,  then 
more  rapidly  until  a  certain  maximum  voltage  is  reached ;  at  this  point  the  current 
4  runs  away  ’  and  rises  to  the  short  circuit  current  of  the  voltage  supply,  which 
generally  means  the  destruction  of  the  ‘  insulation  ’  (now  a  conductor)  by  heat 
and  the  elimination  of  all  that  can  be  seen.  If,  however,  for  any  reason,  the 
amount  of  energy  which  can  be  concentrated  on  the  conducting  portion  of  the 
dielectric  is  limited,  the  disruptive  strength  of  the  latter  remains  unimpared. 
This  may  explain  why  in  some  cases  (e.g.  in  a  cable  with  high  ratio  of  external 
to  internal  diameter)  part  of  the  insulation  can  be  stressed  above  the  so-called 
break-down  point  without  changing  the  insulation.  Peaslee  ( ibid.,  p.  975)  sup¬ 
ported  this  view  and  stated  that  the  so-called  puncture  voltage  was  really  tho 
voltage  at  which,  with  given  material  and  spacing,  the  overall  volt- ampere  char¬ 
acteristic  of  the  path  from  the  conductor  to  the  sheath  became  negative.  This 
possibility  of  over-stressing  without  break-down  may  be  compared  with  the 
formation  of  corona  discharge  round  a  conductor  in  air.  In  the  zone  of  the 
discharge  the  air  has  become  a  conductor  and  the  effective  diameter  of  the  con¬ 
ductor,  as  regards  distribution  of  electrical  stress  in  the  dielectric,  has  been  in¬ 
creased  ;  complete  break-down  does  not  occur  until  the  potential  gradient  at  tho 
surface  of  the  corona  exceeds  the  dielectric  strength  of  the  surrounding  layer  of 
air. 


73.  Classification  of  Insulating  Materials. — In  practice,  the 
selection  of  an  insulating  material  for  a  particular  application 
generally  resolves  itself  into  a  compromise  between  the  desirable 
mechanical  and  electrical  characteristics ;  it  is  seldom  possible 
to  obtain  in  one  material  the  ideal  mechanical  and  electrical 
properties,  to  say  nothing  of  thermal,  chemical,  and  other  properties. 
According  to  the  characteristics  which  are  most  important  in 
specific  applications,  insulating  materials  may  be  classified  in  many 
different  ways.  In  the  following  paragraphs  they  are  discussed 
under  the  broad  headings:  Solid  Insulators  (§  74);  Moulded  In¬ 
sulating  Materials  (§  75);  Insulating  Paints,  Varnishes,  etc.  (§  76) ; 
Liquid  Insulators  (§  77) ;  Air  as  an  Insulator  (§  78). 

74.  Solid  Insulators. — The  term  ‘  solid  insulators  ’  includes 
rigid,  natural,  and  artificial  materials,  such  as  slate,  glass,  and 
porcelain,  which  are  generally  used  in  more  or  less  massive  form ; 
and  flexible  materials,  such  as  mica,  rubber,  and  manufactured 
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Table  7. — Approximate  Constants  of  Insulating  Materials. 
{Compiled  from  Various  Sources.)  [See  Note  on  Opposite  Page.] 
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Megohms 

Breakdown 
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O  £  f 

Material  Uninjured 

See 

Material. 

o  $> 

per  cm.  cube 

mil  (at 

So  S3 

S  3  q 

by  Temperatures 

also 

ft  S 
too 

15°-20°  c. 

about 
L5°-20°  O.). 

ftx*  S 
ZD  a  ^ 

up  to  (about)  °C. 

§ 

Asbestos  .... 

3*0 

16x  104 

100-110 

1000 

74,  IXa 

Bakelite  products 
,,  special 

1*3-1  ‘9 

(0'2-40)xl06 

20x10" 

250-500 

500-800 

2*5-5  *0 

7125  with  sawdust  1 
i  200  , ,  asbestos  > 
[250  pure  J 

74,  Villa 

Bitumeu,  pure  .  , 

1*0-1*8 

— 

30-50 

2*7 

90 

74,  Ya 

,,  vulcanised . 

1*2 

2x10® 

300-350 

4*0 

43 

74,  Ya 

Cambric,  cotton  or  silk, 

400-500 

varnished :  50  mils 

_ 

(300-500)  xlO« 

4*0-6*0 

95 

74,  I Xd 

5  mils 

_ 

(300-500)  x  106 

800-1  200 

4*0-6  *0 

95 

74,  IXd 

Celluloid  .... 

1*4 

(2-7)  xlO4 

350-500 

1*2-27 

75 

— 

Ebonite  (vulcanite)  . 

1*2 

(2-1  000)  x  10" 

750-1 000 

2*0-3  *5 

80 

74,  I Yd 

Erinoid  .... 

1*3 

(2-100)  x  103 

150-200 

— 

75 

74,  vim 

Fibre,  vulcanised 

1*4 

100-5  000 

200-400 

4*5 

200-300 

74,  IXd 

Formite,  #bre  filled  . 

1*4 

— 

250-500 

— 

175 

74,  vim 

„  heat  resisting 

2*0 

— 

100-150 

— 

260-315 

74,  vim 

Galalith  .... 

1*3 

(10-20)  x  103 

150-210 

— 

75 

74,  VIIIc 

Glass,  crown,  plate,  window 

2*5 

(10-20)  xlO6 

250-350 

5*0-8  *0 

— 

74,  II co 

,,  Hint,  lead 

3*2-4  *5 

125-150 

5*5-9  *0 

— 

74, 11a 

„  special  condenser  . 

— 

— 

1250 

8*5 

— 

— 

,,  special  conducting  . 

— 

500 

— 

— 

— 

— 

Guttapercha 

0*98 

(1-400) x  10“ 

200-500 

2  *5-4*5 

— 

74,  lYe 

Jute,  impregnated  . 

— 

— 

20-40 

3-4 

— 

74,  IXd  • 

Leatheroid,  plain 

_ 

— 

350-420 

— 

90 

74,  IXc 

,,  varnished 

_ 

— 

400-500 

— 

95 

74,  IXc 

Marble  .... 

2  *5-2  *8 

500-5  000 

50-150 

8*3 

— 

74, 16 

Mica . 

2  *8-3*2 

(10-200)  x  109 

1  500-5  000 

5  *0-8*0 

115 

74,  Ilia 

Mica-cloth  or  -paper  . 

1*2-1 -9 

— 

300-600 

— 

— 

74,  IIIc 

Micanite  . 

_ 

— 

500-1  000 

4*5 

80-115 

74,  III6 

Micarta,  Paxolin 

1*2-1  *4 

— 

300-500 

— 

95 

74,  IXc 

Paper,  plain 

0*7-l*0 

(5-100)  x  104 

150-300 

2*0-2  *5 

90 

74,  IXc 

„  varnished 

— 

(300-500)  x  10(l ! 

400-1  000 

2  *5-4*0 

95 

74,  IXc 

Paraffin  wax 

0*9 

(3-5)  x  1012 

300 

2  0-2*3 

— 

74,  Via 

Pitch . 

IT 

50 

1*8 

— 

75,  16 

Porcelain,  wet  process 
,,  dry  process 

2  *3-2  *4 

j  (1-1  000)  x  106 

200-300 

4  *4-6*0 

1  300  (special) 

74,  lie 

2  *0-2*3 

— 

100 

— 

— 

74,  lie 

Pressboard,  plain 

— 

10  000 

200-350 

— 

90 

74,  IXc 

„  varnished 

_ 

— 

250-400 

— 

95 

74,  IXc 

„  oiled 

_ 

— 

700-900 

— 

95 

74,  IXc 

Quartz,  silica 

2*2-27 

(1-2)  xlO® 

— 

3  *5-4  *5 

1 100-1  200 

74,  116 

Resin  .... 

1*1 

5  x  10W 

280 

2*6 

— 

74,  VII 

Rubber,  plain  . 

0  *9-1*0 

(10-15)  xlO® 

400-700 

2  *0-2  *5 

— 

74,  TV  a 

,,  vulcanised  . 

1*3-1  *8 

(1-10)  xlO® 

300-600 

3  *0-5*0 

— 

74,  TV  a 

Shellac  .... 

— 

(2-10)  x  10® 

40 

2*75-3*0 

— 

75,  116 

Siluminite .... 

2*0 

2x106 

250-330 

— 

315 

— 

Slate . 

2  *5-3*0 

100-50  000 

20-40 

6*5-7*4 

— 

74,  I a 

Sulphur  .... 

1*9 

(4-100)  xlO9 

— 

3*0-4'0 

— 

— 

Varnish,  oil 

— 

— 

800-1  000 

— 

— 

76 

Wood,  plain,  dry 

0*4-1  *3 

(1-50)  xlO6 

10-15 

2  *5-7*0 

90 

74,  1X6 

,,  impregnated  . 

— 

— 

50-150 

— 

95 

74,  1X6 

Benzine  .... 

0*88 

1400 

2*4 

_ 

_ 

Castor  oil  . 

0*97 

— 

— 

4*8 

— 

— 

Petroleum .... 

0*85-0*9 

— 

160-170 

2*0 

— 

77  (1) 

Turpentine 

0*87 

— 

240 

2*2 

Air,  atmospheric  pressure  . 

_ 

Infinite 

95-100 

1-0 

_ 

78 

„  at  10  atmos. 

•t 

600 

- 

78 
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fibrous  product  (papers  and  textiles),  which  are  used  for  wrappings 
or  coverings  and  for  other  applications  where  flexibility  is  re¬ 
quired.  Waxes,  compounds,  gums,  and  resins  may  fairly  be  con¬ 
sidered  as  solid  insulators,  though  they  are  liquid  under  some 
conditions  of  temperature  and  in  some  methods  or  stages  of  appli¬ 
cation.  Moulded  insulating  materials  are  solid  in  their  service 
condition  but  an  essential  feature  of  these  materials  (§  75)  is 
their  initial  plasticity  or  ‘  mouldability.’ 

I.  Stones. — (a)  Slate  is  used  extensively  for  the  panels  of  low- voltage  switch- 
gear,  etc.  There  are  frequently  metallic  veins  in  the  material,  hence  all  live 
parts  should  be  insulated  by  micanite  washers  and  bushes  or  equivalent  means. 
The  front  and  edges  are  generally  enamelled.  Treatment  with  oil  counteracts 
the  hygroscopic  nature  of  the  material.  Inferior  slate  contains  hard  spots  and  is 
liable  to  flaking. 

(5)  Marble ,  when  polished,  provides  a  handsome  mounting  for  switchgear 
and  instruments  but  is  liable  to  contain  conducting  veins,  hence  live  parts  should 
be  insulated  (see  (a)). 

(c)  Steatite  (Soapstone)  is  the  massive  form  of  talc,  a  silicate  of  magnesia. 
Pieces  to  be  used  as  insulators  in  heating  and  cooking  apparatus,  arc  lamps, 
sparking  plugs,  etc.,  may  be  machined  from  the  natural  mineral,  or  the  latter 
may  be  pulverised,  mixed  with  a  cement,  and  moulded  to  form.  After  kilning 
the  steatite  is  extremely  hard,  less  brittle  than  porcelain,  but  porous.  A  glaze 
may  be  applied  to  exclude  moisture.  The  specific  resistance  falls  rapidly  above 
300°  C. 

(d)  Concrete  cannot  be  relied  upon  for  insulation  except  where  low  voltages 
are  concerned.  It  is,  however,  useful  in  cellular  switchboards  (§  378)  as  a  1  non¬ 
conducting’  structural  material  for  partitions,  etc.,  the  actual  insulation  being 
provided  by  porcelain.  Protective  reactance  coils  (§  340)  are  sometimes  encased 
in  concrete. 

II.  Vitreous  Materials. — (a)  Glass  varies  widely  in  electrical  properties 
according  to  its  chemical  composition.  It  is  impervious  to  moisture  and  the 
transparency  of  the  material  facilitates  inspection.  The  principal  disadvantages 
are  its  brittleness  and  its  high  temperature  coefficient  of  expansion.  Where  used, 
glass  should  be  annealed.  The  specific  resistance  decreases  rapidly  above  about 
200°  C.  Glass  is  an  electrolytic  conductor  (§  68),  and  there  is  considerable  surface 
leakage  over  those  glasses  which  are  attacked  by  moisture. 

( b )  Qucvrtz  (Silica)  has  practically  zero  temperature  coefficient  of  expansion 
and  is,  therefore,  not  cracked  by  wide  and  sudden  variations  of  temperature. 

Note  to  Table  7. 

The  data  in  this  table  must  be  regarded  as  only  approximate  ;  where  exact  values  are  of 
importance,  special  tests  must  be  made  because  the  electrical  properties  of  all  materials 
vary  widely  with  the  sample  and  with  the  conditions  of  testing.  To  facilitate  com¬ 
parison,  the  break-down  voltage  of  specimens  of  the  thicknesses  commonly  used  in 
practice  have  been  reduced  to  V/mil  by  simple  proportion.  Actually,  the  break¬ 
down  voltage  does  not  vary  directly  with  thickness  (§  72)  but  the  values  per  mil 
when  multiplied  by  the  thickness  actually  employed  will  give  approximately  the 
break-down  voltage  of  the  latter ;  a  large  factor  of  safety  must  be  allowed  (§  72). 
Arithmetically  (hut  not  electrically,  §  72):  I  V/mil  =  39 '4  V/ mm.  ;  1  V/mm.  = 
0*0264  V/mil. 


§  74  ELECTRICAL  ENGINEERING  PRACTICE 

This  property  makes  it  useful  for  pyrometer-sheaths,  supports  for  heating 
elements,  special  lamp  bulbs  (Chapter  25),  sparking  plugs,  etc.  Due  to  its  re¬ 
fractory  nature  quartz  is  difficult  to  work,  and  this  is  the  chief  hindrance  to  its 
more  general  utilisation.  The  specific  resistance  decreases  rapidly  above  400°  C. 
Quartz  is  less  brittle  than  porcelain  and  is  sometimes  ‘•used  on  the  moving 
parts  of  oil  switches. 

(c)  Porcelain  for  electrical  purposes  should  be  vitreous  throughout  and  a 
0*5  °/G  alcoholic  solution  of  fuchsin  dye  should  not  penetrate  into  broken 
test-pieces,  even  when  the  latter  are  immersed  for  24  hrs.  under  a  pressure  of 
2  000  lbs.  per  sq.  in.*  Porcelain  is  not  so  brittle  as  glass,  and  the  special 
qualities  now  used  for  transmission  line  insulators  have  a  low  temperature  co¬ 
efficient  of  expansion  and  are  able  to  withstand  indefinitely  alternate  immersion 
in  boiling  and  freezing  water.  Other  applications  include  the  support  and 
insulation  of  conductors,  contact-pieces,  terminals,  etc.,  on  switchboards  and  in 
all  kinds  of  apparatus  and  accessories.  The  compression  strength  of  porcelain  is 
high,  but  the  material  should  not  be  subjected  to  tension.  Pieces  of  relatively 
complex  form  can  be  moulded,  but  the  material  cannot  be  worked  after  firing. 
Porcelain  resists  chemical  attack  and  may  be  exposed  to  high  temperatures,  but 
the  specific  resistance  decreases  rapidly  above  200°  C. 

Porcelain  is  made  from  kaolin  (china  clay)  and  felspar  as  main  ingredients. 
The  details  of  composition  and  manufacture  of  special  qualities  are  carefully- 
guarded  secrets.  Simple  pieces  of  small  dimensions  may  be  made  by  moulding 
a  damp  mixture  of  the  ingredients  under  high  pressure,  but  it  is  generally  ad¬ 
mitted  that  a  better  product  is  obtained  by  mixing  the  ingredients  with  sufficient 
water  to  form  a  plastic  mass  (wet  process),  which  is  formed  into  the  desired 
shapes  by  hand  or  by  simple  tools  (as  distinct  from  presses).  Dry-moulded 
porcelain  is  apt  to  be  porous. 

After  a  preliminary  drying  the  pieces  are  fired  at  1  200°-l  300°  0.  The 
glaze  is  of  the  same  general  composition  as  the  porcelain,  but  is  a  more  fusible 
mixture  and  therefore  melts  to  form  a  glass-like  film  on  the  surface.  Though 
the  glaze  has  considerable  dielectric  strength  and  does  ‘  seal  ’  pores  it  should  not 
be  taken  as  reducing  in  the  slightest  degree  the  necessity  for  a  vitreous  structure 
throughout  the  porcelain.  The  glaze  should  be  regarded  simply  as  a  self- cleaning, 
dirt-  and  weather-resisting  *  finish.’ 

III.  Mica  and  Mica  Products.— (a)  Mica  is  a  mineral  consisting  of  silicates 
of  aluminium,  potassium,  and  magnesium,  with  certain  impurities,  of  which  iron 
oxide  is  electrically  the  most  objectionable.  Amber  (Canadian)  mica  is  soft 
and  is  recommended  for  use  between  commutator  bars.  White  and  ruby  micas 
(Indian)  are  harder  and  of  higher  dielectric  strength ;  they  are  recommended  for 
sparking  plugs  and  condensers.  Spotted  mica  is  suitable  for  use  in  electric 
heaters.  All  varieties  of  mica  are  characterised  by  their  laminated  structure ; 
the  plates  can  be  split  and  resplit  almost  indefinitely.  Sheets  1  mil  thick  should 
not  crack  when  wrapped  round  a  lead  pencil.  In  use,  the  sheets  should  be 
clamped,  or  otherwise  subjected  to  mechanical  pressure,  in  a  direction  perpen¬ 
dicular  to  the  plane  of  cleavage.  Mica  is  disintegrated  by  oil;  it  is  also  dis¬ 
integrated  at  temperatures  above  500°  G.  (as  reached  in  heating  elements,  etc.) 
unless  it  is  subject  to  compression.  Of  all  flexible  insulating  materials  mica  is 
the  most  resistant  to  high  temperatures ;  mica  insulated  windings  have  operated 


*  Standard  porosity  test  for  porcelain  insulators  for  high-t^SiQ?l  lines 
(B.E.S.A.  Beport  137). 
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without  deterioration  at  200°  C.,  but  a  lower  working  temperature  is  desirable 
(§  80). 

Mica  sheets  12  ins.  square  aro  now  rarely  found.  Shoots  2  ins.  x  1  j  ins.  are 
about  tho  smallest  size  of  any  commercial  value  ;  these  cost  a  few  ponce  per  lb., 
whereas  tho  largest  selected  sheets  may  cost  more  than  £1  per  lb.  In  such  ap¬ 
plications  as  sparking  plugs  it  is  possible  to  build  up  pure  mica  insulation  by  super- 
imposition  of  small  sheets,  and  in  other  applications  it  is  sometimes  possible  to  use 
larger  sheets  with  the  joints  staggorod  in  consecutive  laycrB.  Generally,  however, 
it  is  more  satisfactory  to  uso  one  or  other  of  the  mica  products  mentioned  below. 

(b)  Micanite. —  Tho  best  mieanifce  shoots  aro  built  up  from  mma  splittings, 
about  1  mil  thick  and  2  or  3  sq.  ins.  in  area,  comontod  together  with  shellac  or 
similar  binder  and  consolidated  by  limit  and  mochanical  pressure  Though  the 
maximum  dielectric  strength  of  inioanito  is  lower  than  that  of  mica,  there  is  loss 
variation  in  the  dielectric  strength  of  tho  manufactured  product,  due  to  metallic 
inclusions  in  tho  mica  being  distributed  throughout  the  micanitc.  Moulding 
micanite  softens  at  about  (jr>°  G.  and  can  then  be  pressed  into  shape  for  com¬ 
mutator  end  rings,  slot  linings,  etc.  A  harder  commutator  micanite  with  loss 
than  5  °/0  of  a  binder  which  does  not  soften  at  1)5°  G.  is  made  for  uso 
between  commutator  bars  and  in  other  places  where  flat  sheets  are  required.  Flex¬ 
ible  ynicanite  is  made  with  a  flexible  binder  (generally  containing  Homo  oil)  and  is 
flexible  at  all  temperatures ;  it  is  used  to  insulate  windings.  Heat-resisting 
micanite ,  made  with  water-glass  (sodium  silicate)  as  binder  can  be  used  at  tem¬ 
peratures  up  to  500"  O.  without  injury;  it  is  suitable  only  for  low  voltages  (say, 
260  V)  and  must  bo  kept  dry. 

According  to  requirements,  various  grades  of  micanite  are  obtainable  in 
sheets  up  to  3  ft.  square  and  in  thicknesses  from  6  mils  to  J  in.  or  more. 

(c)  Mica  Rafters,  - Cloths ,  etc.,  consist  of  one  or  moro  layers  of  mica  splittings 
supported  on  one  or  both  sides  by  Japanese  or  other  special  paper,  silk,  or  cloth, 
to  which  it  is  attached  by  a  quick-drying  copal  or  Hholloo  varnish.  Micanito- 
cloth  is  stronger  than  m lean i to- paper ;  so  also  is  mieanito  silk,  with  tho  further 
advantage  that  it  is  thinner  and  more  flexible  than  cloth.  In  all  throe  cases  the 
dieloctrie  strength  is  practically  that  of  tho  mica  alone.  Micafoliuin  (miearta 
folium  or  mica-paper)  can  be  built  up  into  tubes,  etc.,  and  is  used  extensively  to  in¬ 
sulate  high-voltage  windings.  Thick  tubes  and  shields  aro  somotimes  built  up  from 
micanite  and  impregnated  paper.  Miearta  is  not  a  mica  product,  see  section  0  (c), 

IV.  Kunmsst  a»i>  IUjubkh  Products.— (a)  HtMer,  a  complex  compound  of 
carbon  and  hydrogen,  is  the  coagulated  latex  of  certain  trees  and  vines.  Synthetic 
rubber  can  be  made,  but  is,  at  present,  more  costly  and  less  satisfactory  than  tho 
natural  product.  Para  rubber  is  generally  considered  to  bo  bho  host  for  electrical 
work.  Pure  rubber  strip  is  used  to  protect  copper  from  the  sulphur  in  vulcanised 
rubber  (§§  283,  286)  but,  as  pure  rubber  is  hygroscopic  and  oxidises  rapidly,  it  may 
not  be  exposed  to  air. 

(b)  Vt^lcanised  Rubber  (V.I.K.).— When  mixed  with  6  */0  or  less  of 
sulphur  and  heated  to  160M60®  C.,  rubber  is  vulcanised  and  in  this  form  it  is 
tough,  elaitic,  non- hygroscopic,  and  less  affected  than  pure  rubber  by  heat. 
Vulcanised  rubber  is  the  standard  insulating  material  for  low  voltage  cables 
(§  288).  Even  the  vulcanised  product  is  deteriorated  by  light,  air,  ozone  ($}  2H7), 
oil,  and  grease;  and  it  deteriorates  in  service  if  heated  above  50"  G. 

As  used  to  insulate  conductors,  V.I.R.  contains  from  .*i0- 
00  %  of  pure  rubber,  according  to  the  requirements  to  be  met, 
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together  with  litharge  (up  to  10  °/c  or  so),  whiting  (up 
to  25  or  30  %),  zinc  oxide  (from  20-50  %),  and  colouring 
materials  as  required.  The  relative  proportions  of  the 
inorganic  ingredients  vary  widely  according  to  the  practice  of 
individual  makers  or  the  specifications  of  purchasers.  The  general 
effect  of  these  ingredients  is  to  toughen  the  product  and  facilitate 
vulcanisation.  It  is  remarkable  that  rubber  can  carry  50  % 
or  more  of  mineral  matter  without  losing  its  characteristic 
elasticity. 

(c)  Tough  Rubber  Compound  (C.T.S.)  is  a  ‘  mechanical  ’  rubber  and  should 
be  regarded  primarily  as  protection  against  rough-usage,  corrosion,  etc.,  though 
it  has,  of  course,  some  insulating  value  as  well  (§  283). 

(d)  Ebonite ,  Vulcanite  or  Hard  Rubber  is  vulcanised  rubber  containing  from 
30-50  °/0  of  sulphur  and  subjected  to  prolonged  curing  at  150°  0.  The 
material  is  hard  and  brittle  ;  can  be  machined  and  polished ;  softens  between  60° 
and  100°  C.  and  can  then  be  moulded  into  simple  shapes.  It  is  much  used  in 
instruments,  telephone  parts,  etc.  Sheets  are  made  in  moulds  faced  with  metal 
foil  to  obtain  a  planished  surface ;  sufficient  of  the  metal  enters  the  ebonite  to 
reduce  the  surface  insulation  of  the  latter.  The  original  surface  should  therefore 
be  removed  where  surface  leakage  is  to  be  avoided.  When  exposed  to  sunlight 
or  ultra-violet  rays  the  surface  of  ebonite  undergoes  decomposition  and  surface 
leakage  ensues.  Ebonite-mounted  resistance  boxes,  etc.,  should  be  kept  away  from 
sunlight,  and  the  surface  should  be  washed  occasionally  with  distilled  water. 
Ebonite  is  not  suitable  for  immersion  in  oil. 

The  mechanical  and  heat-resisting  properties  of  ebonite  can  be  improved  by 
the  addition  of  certain  mineral  ingredients  to  the  mixture  before  curing ;  the 
dielectric  strength  is  lowered  however.  Stabilit  is  a  proprietary  composition  of 
this  type. 

(e)  Guttapercha  is  similar  to,  but  chemically  distinct  from,  rubber.  It  is 
inferior  to  rubber  as  an  insulator  and  oxidises  in  air;  it  softens  about  65°  0.  It  is 
unaffected  by  water  and  its  main  use  is  in  the  insulation  of  submarine  cables. 

V.  Bitumen. — (a)  Bitumen  or  Asphalt  is  a  natural  product  (mineral  pitch) 
consisting  of  a  complex  mixture  of  hydrocarbons  with  more  or  less  inorganic 
matter.  The  best  crude  material  is  in  the  Trinidad  Lake  deposit,  and  is  a  semi¬ 
fluid  material  which  softens  and  melts  between  80°  and  100°  C.  Eefined  bitumen 
is  used  in  the  manufacture  of  certain  insulating  varnishes,  impregnating  com¬ 
pounds,  and  joint  box  compounds.  It  is  also  used  round  cables  which  are  laid 
solid  (§  290).  No  form  of  bitumen  should  be  exposed  to  oil. 

(5)  Vulcanised  Bitumen  is  made  by  a  process  similar  to  the  vulcanising  of 
rubber  (IV  (6))  and  is  used  to  insulate  cables.  It  is  brittle  at  low  atmospheric 
temperatures  and  softens  at  about  38°  C. ;  for  other  properties  see  §  287. 

(c)  Elaterite  (Elastic  Bitumen  or  Mineral  Caoutchouc )  is  a  soft  grade  of 
asphalt. 

(d)  Gilsoniie  is  a  hard  grade  of  asphalt  which  melts  at  about  135°  C. 

VI.  Waxes  and  Compounds. — These  are  used  to  fill  joint  boxes,  instrument 
transformer  cases,  terminal  boxes,  etc.,  and  to  impregnate  absorbent  coverings  of 
wires  and  windings  to  exclude  air  and  moisture,  and  contribute  to  the  insulation 
strength.  The  waxes  used  include  beeswax,  ceresine,  montan,  and  paraffin  wax ; 
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and  the  composition  of  compounds  varies  widely  with  the  needs  of  individual  cases. 
Soft  wax  (ozokerite,  etc.,  §  283),  melting  at  50c-70°  C.,  is  used  to  finish  cotton- 
braided  wires.  Mixtures  of  bitumen  and  pitch  with  various  waxes  yield  hard, 
tough  compounds  for  joint  boxes,  etc.,  and  can  be  obtained  with  melting-points 
from  65°-150°  G.  as  required.  Chatter  ton  compound  consists  of  guttapercha,  tar, 
and  resin,  and  is  very  elastic. 

Paraffin  Wax  is  often  used  to  render  wood  acid-proof,  and  to  render  wood  and 
paper  non-hygroscopic ;  applied  to  the  edges  of  rolled  oiled  tape,  it  excludes 
moisture.  As  a  filling  for  instrument  transformers,  etc.,  this  wax  has  the  advan¬ 
tage  of  being  a  good  insulator  which  fills  all  crevices  and  is  normally  solid ;  in  the 
event  of  undue  heating  in  service,  the  wax  melts  and  then  circulates  (like  oil) 
thus  improving  the  cooling  facilities. 

VII.  Resins.  Natural  resins  (new  or  fossilised)  are  oxidised  exudations  from 
certain  trees  or  insects  thereon.  Shellac  is  refined  lac  in  flake  form,  and  is  used 
in  the  preparation  of  various  varnishes  and  in  making  micanite  and  similar 
products.  Copal  is  another  natural  resin ;  its  applications  are  similar  to  those  of 
shellac.  ( See  also  §§  74  (viii),  76.) 

VIII.  Synthetic  Products. — (a)  Bakelite  is  the  trade  name  of  a  series  of 
‘  condensation  products  ’  or  *  synthetic  resins  ’  developed  by  the  researches  of 
Dr.  Baekeland,  from  whom  they  take  their  name.  *  Bakelite-A  ’  is  formed  by 
the  action  of  phenol  (carbolic  acid)  on  formaldehyde  at  a  temperature  below 
100°  0.  This  product  is  used  as  a  varnish  or  to  impregnate  paper,  etc.,  or  it  is 
mixed  with  porous  ‘fillers’  to  form  moulding  compounds  (§75).  After  applica¬ 
tion  for  one  or  other  of  these  purposes,  the  resin  is  converted  to  4  Bakelite-C  ’  by 
heating  under  a  pressure  of  100-150  lbs.  per  sq.  in.  at  a  temperature  between 
150°  and  200°  C.  according  to  the  makers’  instructions  for  the  particular  applica¬ 
tion  concerned.  ‘  Bakelite-G  ’  is  an  amber-coloured  solid  with  good  mechanical  and 
electrical  properties ;  it  is  unaffected  by  water,  oils,  and  all  but  strong  acids  and 
strong  alkalis;  it  is  not  softened  by  heat  but  chars  at  from  250°-300°  C.  ‘  Bake- 
lite-B  ’  is  an  intermediate  product  which  is  sometimes  preferable  to  the  A- 
product  for  use  in  moulding  compositions. 

Bakelite,  converted  to  the  C-form  after  application  or  moulding,  is  suitable 
for  use  where  a  solid,  inflexible  (but  relatively  tough)  sheath  or  filling  is  to  be 
produced  by  surface  treatment  or  impregnation  respectively.  Small  parts  can  be 
made  of  bakelite  alone,  but  for  most  purposes  it  is  sufficient  and  cheaper  to  use 
a  composition  (§  75).  The  final  ‘condensation’  (to  form  0)  liberates  water 
which  should  be  removed  by  vacuum-drying  in  the  case  of  coils. 

(5)  Formite  is  a  British-made  phenol-formaldehyde  product  used  in  the  pre¬ 
paration  of  moulding  powders  (§  75). 

(c)  Galalith  is  a  dried-milk  product  which  can  be  moulded  or  bent  but  is 
hygroscopic.  Insoluble  casein  is  treated  with  formaldehyde  and  subjected  to 
mechanical  pressure. 

Erinoid  is  also  made  by  the  action  of  formaldehyde  on  milk  proteins.  It 
can  be  machined  and  softens  in  boiling  water.  Its  electrical  properties  are 
similar  to  those  of  red  fibre,  but  it  is  less  hygroscopic  than  the  latter. 

IX.  — Fibrous  Materials  and  Products. — (a)  Asbestos  is  used  in  insulating 
tapes,  sheets,  and  varnishes  where  resistance  to  heat  is  required.  It  is  highly 
absorbent  and  can  be  impregnated  satisfactorily  with  materials  of  higher  dielectric 
strength  >than  itself.  Mechanically,  it  is  weak.  Resistance  nets  are  woven  with 
warps  of  spun  asbestos  and  wefts  of  suitable  resistance  wire.  Where  used  as  a 
fireproof  braiding  asbestos  should  be  varnished  to  prevent  it  acting  as  a  •«  wick 
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for  oil,  if  there  is  any  risk  of  the  latter  being  present.  Asbestos  is  used  in  heat- 
resisting  moulding  compositions  (§  75).  A  wet  paste  of  asbestos  protects  the 
insulation  of  conductors  when  welding  joints  in  the  latter.  Lagging  for  thermal 
storages,  etc.,  may  contain  asbestos  as  an  ingredient.  Asbestos  is  attacked  by 
acids  and  alkalis. 

(b)  Wood,  when  dried  and  impregnated  with  oil,  is  used  as  a  tank  lining  in 
oil-immersed  switchgear  to  prevent  arcs  from  coming  into  contact  with  the 
metal.  Maple  is  useful  for  such  work.  Wood  impregnated  with  paraffin  wax  is 
acid-resisting  and  moisture-proof.  Hard-wood  rods  are  used  as  handles  for 
operating  arrester  charging  and  opening  isolating  links. 

(c)  Pager,  though  highly  hygroscopic,  is  used  in  many  applications  on  account 
of  its  flexibility  and  good  dielectric  properties.  Dry  paper,  wrapped  loosely,  is 
used  to  insulate  the  conductors  of  dry-core  (air-space)  telephone  cables  ;  a  lead 
sheath  is  used  to  exclude  moisture,  and  the  advantage  of  the  dry  paper  insulation 
is  that  the  inductive  capacity  of  the  cable  is  kept  low  and  attenuation  and  dis¬ 
tortion  of  speech  currents  are  reduced.  In  cables  for  lighting  and  power  service 
substantial  thicknesses  of  paper  are  required  (§  280),  and  the  paper  is  impregnated 
to  increase  its  dielectric  strength  and  to  exclude  air  films  (§  79).  Rosin  oil  is  the 
principal  ingredient  of  the  impregnating  compound  used  where  the  paper  is  to 
remain  flexible  ;  the  compound  must  not  be  so  fluid  as  to  drain  out  of  the  paper. 
Non-drying  impregnating  materials  are  displaced  by  moisture,  hence  a  sheathing  of 
lead  or  vulcanised  bitumen  is  necessary  (§  287).  Paper  which  is  to  be  used  as 
insulation  exposed  to  air  may  he  impregnated  with  a  drying  varnish  or  bakelite. 

Manilla  paper  is  generally  considered  to  be,  the  best  for  electrical  purposes, 
but  there  are  many  papers  now  available  for  the  special  requirements  of  various 
applications.  Japanese  papers  are  used  in  mica-paper  tapes.  Papers  made  from 
cotton  and  linen  rags  are  used  in  condensers.  Wood-pulp  papers  are  highly 
absorbent  but  mechanically  weak. 

Paper  may  be  impregnated  with  oils  before  or  after  its  application  to  con¬ 
ductors.  Thin  strong  paper  coated  with  successive  layers  of  flexible-drying  varni  sh 
is  used  in  instrument  and  machine  windings  and  in  condensers ;  this  material  is 
often  called  oiled  paper.  Paper  soaked  in  paraffin  wax  is  used  in  condensers ;  the 
wax  cracks  if  bent. 

Micarta  consists  of  paper  which  is  dried,  covered  with  insulating  varnish,  and 
built  into  sheets,  tubes  or  rods ;  heat  and  mechanical  tension  or  pressure  are 
applied  to  consolidate  the  successive  layers  and,  when  cold,  the  product  can  be 
machined.  Bakelised  miccurta  or  paxolin  is  made  by  using  liquid  bakelite  (instead 
of  shellac,  copal,  etc.),  which  is  subsequently  converted  to  the  C-form  (see  Till  a). 
Micarta  with  shellac  as  binder  softens  at  about  80°  C. ;  bakelised  micarta  can 
be  used  at  100°-110°  0.  or,  if  asbestos  paper  be  employed,  up  to  180°  or  200°  C- 
Paxolin  can  be  used  in  oil ;  its  toughness  is  a  valuable  property  ;  this  material  is 
often  used  in  preference  to  wood  or  vulcanised  fibre. 

Paper  Boards ,  Fibre ,  etc.  Some  of  the  materials  coming  under  this  heading  are 
produced  by  paper- making  processes,  whilst  others  (using  similar  raw  materials) 
are  subjected  to  chemical,  mechanical,  and  thermal  treatment  which  first  reduces 
the  cellulose  to  a  more  or  less  gelatinous  condition  and  then  consolidates  the 
whole  to  a  horn-like  material  showing  little  or  no  trace  of  fibrous  structure. 

Presspahn,  Pressboard ,  or  Fullerboardis  a  paper  made,  in  thickness  up  to  J  in., 
from  hemp,  rags,  wood-pulp  or  mixtures  of  these.  It  is  highly  absorbent  and 
is  oil- impregnated  fox  use  in  transformers,  oiled  or  varnished  for  use  in  air,  or 
impregnated  in  the  same  way  as  coils.  Leather oid,  fibroid ,  fish  paper  or  tarpon 
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paper  is  made  in  thickness  up  to  \  in.,  from  cotton  rags  subjected  to  chemical 
treatment.  It  is  a  tough,  horny  material  of  higher  dielectric  strength  than  prosn- 
board.  It  is  unaffected  by  grease  or  oil  and  is  much  used  between  windings,  for 
slob  and  core  insulation,  etc.  If  required,  it  may  bo  impregnated,  varnished,  or 
waxed.  Whalebone  paper,  horn  fibre,  and  red  rope  paper  are  practically  identical 
materials ;  they  are  made  like  leathoroid,  but  from  a  hemp  base,  and  aro  used 
for  similar  purposes.  Their  dielectric  strength  is  lower/than  that  of  loathoroid. 
Vulcanised  fibre  is  made  in  many  varieties,  most  of  which  boar  trade  names  and 
are  made  by  secret  processes.  In  all  cases  the  basic  ingredient  is  some  form  of 
collulose  which  is  treated  chemically  to  obtain  a  horn-like  structure.  Mineral 
ingredients  are  added  for  colouring  or  other  desired  physical  properties.  Vulcan¬ 
ised  fibre  is  highly  hygroscopic  and  swells  when  moistened  without,  however, 
such,  disintegration  as  is  liable  to  occur  in  boards  which  aro  built  up  layer  by 
layer.  Vulcanised  fibre  is  sold  in  sheets,  rods  and  tubes,  and  can  be  machined  ; 
it  may  be  waxed  or  varnished  to  exclude  moisture.  It  is  insoluble  in  water  or  oil, 
and  is  charred  by  strong  acids  or  high  heat.  Fibre  containing  asbostos  is  disin¬ 
tegrated  very  slowly  by  fire. 

(d)  Tertile  Materials  used  for  insulating  purposos  include  cotton,  linen,  jute, 
and  silk.  The  uses  of  woven  asbostos  have  already  boen  mentioned  (Section  TX 
(a)).  Cotton  and  silk  aro  used  in  one  or  two  layors  for  the  covering  of  bell  wiro 
and  flexibles  (§  23/5),  the  actual  insulation  being  provided  by  ono  or  two  layers  of 
rubber  next  to  the  conductor.  Cotfcon-covered  boll  wiro  is  waxed  to  exclude* 
moisture  and  to  provide  a  good  finish.  Cotton  or  silk  is  used  as  the  solo  insula¬ 
tion.  on  small  wires  for  instruments,  small  motors,  etc.;  generally,  it  is  advisable* 
to  dry  and  varnish  or  impregnate  the  winding  to  exclude  moisture  and  to  reinforce* 
the  insulation  provided  by  the  fibrous  material.  Artificial  cellulose  silk  is  an 
efficient  and  economical  substitute  for  real  silk  in  the  insulation  of  small  wiroti 
for  fan  armatures,  instruments,  etc.  ;  when  dissolved  it  forms  a  highly  insulating 
varnish.  Cellulose  acetate  from  which  artificial  silk  is  made  is  non-inflammable** 
The  spun  thread  is  thicker  than  real  silk,  but  its  insulating  properties  under  vary 
ing  conditions  of  temperature  and  humidity  aro  moro  than  proportionately  higher. 
This  material  and  tests  upon  it  aro  described  by  W.  R.  Konnody,  El.  Uev.f  Vol. 
87,  p.  836. 

Jute  is  used  as  insulation  on  cables,  being  then  impregnated  like  paper  and 
for  the  same  reasons,  ft  is  also  used  as  a  filler  between  the  cores  of  multi-oom 
cables,  and  as  a  bedding  and  covering  for  armouring.  Hemp  is  used  as  a  core  for 
stranded  cables  and  as  a  packing  for  insulator  pins. 

Oiled  [or  varnished)  Tape  or  Cloth  consists  of  cotton,  silk,  duck,  canvas,  etc,, 
prepared  by  repeated  dipping  in  oxidisod  linseed  oil  or  a  special  varnish,  each 
coat  being  baked  before  the  next  is  applied.  Such  materials  owe  their  dielectric! 
strength  mainly  to  the  oil  or  varnish.  They  are  non-hygroscopic,  strong,  and 
flexible  and  are  used  extensively  as  wrappings  for  individual  conductors,  for  coils, 
and  between  windings.  “ Empire ”  cloths  and  paper  belong  to  this  class.  Un¬ 
treated  tapes  may  be  dried  and  impregnated,  after  application,  with  varnish, 
compound,  or  bakelite.  Yellow  oiled  cloth  is  treated  with  oil  alone;  black  oiled 
cloth,  is  treated  with  a  mixture  of  oil  and  asphaltic  matter  and  hasBlighfcly  higher 
dielectric  strength.  These  materials  aro  more  flexible  than  paper  and  much  Ichk 
hygroscopic.  Varnished  (or  oiled)  cambric  forms  an  excellent  dielectric  for  high 
voltage  cables  particularly  where  great  flexibility  is  required ;  the  cambric  should 
be  served,  as  wound,  with  a  non-drying  compound  to  exclude  moisture  and  air 
(§  79).  The  oiled  fabric  is  unaffected  by  oil. 
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Bubbered  Binen  Tape  (coated  on  one  side  with  rubber)  is  useful  in  insulating 
machine  windings. 

Adhesive  or  Friction  Tape  is  coated  with,  a  tacky  compound  which  gradually 
‘sets’ when  exposed  to  air.  Though  it  has  considerable  insulation  value,  this 
material  should  'not  be  counted  as  part  of  the  insulation,  but  should  be  regarded 
merely  as  holding  in  place  the  rubber  tape,  etc.,  which  forms  the  true  insulation. 

75.  Moulded  Insulation  Materials. — This  heading  includes 
a  great  variety  of  materials  (mostly  mixtures)  which  can  he 
moulded  in  a  die  to  produce  pieces  accurate  in  dimensions  and 
requiring  little  or  no  machining.  Heat  and  mechanical  pressure 
have  usually  to  be  applied  during  the  moulding  process,  and  these 
convert  the  raw  materials  (by  physical  or  chemical  changes  or 
both)  into  a  homogeneous  mass.  There  are  also  cold-moulding 
preparations  which  set  like  cement.  The  electrical  properties  of 
moulded  insulators  vary  widely  with  the  composition.  The 
principal  applications  of  these  materials  are  where  identically 
similar  parts  are  required  in  sufficient  numbers  to  justify  the  cost 
of  the  dies.  The  more  intricate  the  pieces,  the  greater  the  saving 
by  moulding,  once  the  cost  of  the  dies  is  covered.  The  exact 
compositions  of  preparations  for  moulding  are  trade  secrets,  hut 
the  ordinary  engineer  is  concerned  only  with  the  general  nature 
and  applications  of  the  materials.  The  design  of  dies  and  the 
manipulation  of  mixtures  to  meet  specified  requirements  are 
matters  for  specialists.  The  important  point  to  he  remembered  is 
that  one-piece  moulded  insulators  frequently  replace  many  loose 
components  and  reduce  assembly  work  to  a  minimum;  metal 
inserts  can  be  placed  in  the  die  and  thus  become  mechanically  one 
with  the  insulation. 

All  moulding  compositions  consist  essentially  of  a  ‘  filler  ’  and 
a  'binder/  together  with  such  special  additions  as  colouring 
ingredients.  According  to  the  type  of  binder  employed,  the  com¬ 
positions  may  conveniently  be  classified  as:  (I)  Cold-moulding 
compositions,  using  an  asphaltic  solution  or  a  water  cement  as 
binder.  It  may  be  necessary  to  heat  the  moulded  pieces  to  dry 
them  or  to  set  the  binder.  (II)  Hot-moulding  compositions, 
using  (a)  shellac,  rubber,  or  other  bond  which  melts  or  softens 
when  heated  and  sets  on  cooling ;  or  (6)  synthetic  resins  which 
are  mouldable  whilst  in  their  primary  or  secondary  form  hut  are 
converted  by  heat  to  -a  rigid  solid. 

I.  Coed-moulding  Compositions.— (a)  Portland  Cement  may  be  used  as  binder 
with,  asbestos  as  filler  for  simple  pieces  which  are  required  to  stand  high  tempera* 
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tures  (400°  C.).  The  material  is  naturally  hygroscopic  but  may  be  waterproofed. 
Lime-silica  cement  and  asbestos  is  claimed  to  withstand  temperatures  up  to  650°  C. 
without  serious  deterioration.  Sodium  silicate  (water  glass)  gives  a  hygroscopic 
product  of  low  mechanical  and  electrical  strength,  but  one  which  resists  heat  well. 

(6)  Pitch  or  Asphalt  is  dissolved  in  an  appropriate  solvent,  mixed  with  wood, 
fibre,  asbestos,  sand,  etc.,  and  heated  (after  moulding)  to  expel  the  solvent. 
Intricate  shapes  can  be  made  with  a  good  finish,  but  the  product  is  not  suitable 
for  machinery  ;  it  will  stand  about  300°  C.,  and  is  non-absorbent. 

Compositions  of  type  (a)  are  of  low  dielectric  strength  (20-50  V  per  mil)  and 
are  useful  for  shields  and  mountings  to  withstand  heat  rather  than  electrical 
stress.  Compositions  of  type  ( b )  are  of  higher  dielectric  strength  (75-150  V  per 
mil),  and  are  suitable  for  actual  insulation  up  to  500  or  600  V.  Hot-moulded 
compositions  are  better  electrically  and  mechanically,  but  the  most  refractory  of 
them  cannot  be  used  above  about  300°  C. 

II.  Hot-moulding  Compositions. — (a)  Rubber ,  mixed  with  sulphur  and 
various  fillers,  can  be  moulded  under  heat  and  pressure,  and  then  converted  to 
ebonite  (§  74,  IV  (d))  but  the  applicability  of  the  latter  in  this  connection  is  limited, 
because  it  begins  to  soften  about  60°  C.  The  dielectric  strength  is  high,  say  400  V 
per  mil. 

(5)  Shellac  as  binder  for  mica  produces  the  valuable  material  micanite  (§  74, 
III  (b))  which  can  be  moulded  into  simple  shapes.  Shellac  can  be  used  as  binder 
for  many  other  fillers,  but  its  utility  is  limited  by  its  softening  between  65°  and 
90°  C.  Shellac  and  cotton  fibre  or  similar  material  gives  a  good  finish  and  high 
dielectric  strength  (say  200-300  V  per  mil.)  and  is  suitable  for  use  in  sheltered 
situations. 

(c)  Synthetic  Resins  (Bakelite,  Formite,  §  74,  VIII  (a,  b))  find  one  of  their  most 
important  applications  in  the  preparation  of  moulding  compounds.  Sawdust, 
fibre,  asbestos,  mica,  slate,  etc.,  are  used  as  fillers  according  to  the  properties 
desired.  The  makers  of  the  primary  condensation  product  frequently  mix  this 
with  appropriate  fillers,  convert  the  resin  to  the  B-form  (§  74,  VIII  (a)),  and  grind 
the  product  to  form  a  moulding  powder  which  is  supplied  to  licensed  moulders. 
The  powder  is  reduced  to  about  one-fourth  of  its  ‘loose’  volume  when  com¬ 
pressed  in  the  hot  moulds  at  from  500-2  000  lbs.  per  sq.  in.,  and  150°-200°  C., 
according  to  the  makers’  instructions.  The  final  product  (with  the  resin  in  the 
O-form)  is  accurate  within  good  machine-shop  limits,  say  ±  2  mils,  and  has  a 
valuable  combination  of  properties.  With  cotton,  hemp,  sawdust,  or  similar 
filling,  a  machinable  product  is  obtained  which  will  withstand  temperatures  up 
to  150°  C.  and  has  a  dielectric  strength  between  250  and  500  V  per  mil,  accord¬ 
ing  to  its  composition.  Heat-resisting  fillers,  such  as  asbestos,  sand,  etc.,  yield 
non- absorbent  products,  which  are  almost  or  quite  unaffected  by  acids,  alkalis, 
and  hot  oil;  these  products  are  unsuitable  for  machining,  withstand  temperatures 
up  to  250°  or  300°  0.,  and  have  dielectric  strengths  from  100  to  150  V  per  mil. 

76.  Insulating  Paints,  Varnishes,  etc. — Though  paints, 
enamels,  and  varnishes  are  liquid  when  applied  to  the  parts  or 
material  to  be  insulated,  it  is  the  dry  material  left  by  evaporation 
of  the  solvent,  or  the  solid  matter  formed  by  combined  oxidation 
and  drying,  which  constitutes  the  actual  insulation.  Liquid  com¬ 
pounds  which  set  by  evaporation  of  solvent  or  by  chemical  changes 
caused  by  heat  (§  74,  VIII  (a))  can  be  used  for  deep  penetration  or 
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complete  impregnation,  but  materials  which  depend  upon  oxida¬ 
tion  for  their  solidification  can  only  be  used  on  surfaces  or  for 
tapes,  etc.  (§  74,  IX  ( d )).  At  one  end  of  the  scale  there  are  non¬ 
drying  compounds  (resin  oil,  etc.)  used  to  impregnate  paper 
cables,  and  at  the  other  end  there  are  the  enamels  which  dry  as  a 
tough,  flexible  coat  which  is  sufficient  insulation  for  wires  to  he 
used  in  low- voltage  instrument  coils,  hells,  etc.  Vacuum  im¬ 
pregnation  is  essential  for  most  windings  for  use  in  the  tropics 
or  monsoon  countries,  especially  for  fan  motor  windings.  Asphaltic 
material  may  be  used  to  produce  a  black  varnish,  or  the  varnish 
may  contain  no  colouring  matter,  in  which  case  it  produces  a 
colourless,  yellow  or  brown  coat  according  to  the  gum  or  oil 
which  forms  the  residual  constituent. 

Air -drying  Spirit  Var?iishos ,  used  for  finishing  or  for  quick  repair  work,  consist 
of  a  gum  or  resin  in  a  solvent  which  evaporates  quickly  when  exposed  to  air. 
The  coating  dries  in  1  hr.  or  less,  but  is  relatively  brittle  and  not  able  to  stand 
heat  and  vibration  without  cracking.  Air-drying  oil  varnishes  take  longer  to 
dry  (12-24  hrs.)  but  produce  a  much  tougher  and  more  flexible  coat.  Baking  oil 
varnishes  need  stoving  for  from  3-9  hrs.  at  a  temperature  of  80°-10O°  C.  and 
yield  a  hard,  tough  coat  of  maximum  mechanical  and  electrical  strength. 
Synthetic  resin  varnishes  are  converted  to  the  C-form  (§  74,  VIII  (a))  by  stoving  for 
several  hours  at  about  150°  C.,  the  coils  treated  being  then  set  solid  in  a  mass  of 
rigid  insulation.  A  final  drying  in  vacuo  is  needed  to  remove  water  liberated  by 
the  condensation  process.  Acid-proof  paints  should  be  regarded  as  finishing 
materials,  affording  protection  against  acid  fumes  but  of  no  electrical  insulating 
value. 

The  general  precautions  to  be  observed  when  using  insulating 
varnishes  are  :  (i)  To  dry  thoroughly  the  material  to  be  varnished. 
This  is  done  by  stoving  ;  the  dried  coil,  etc.,  may  then  be  coated 
by  brushing  or  dipping,  but  vacuum  impregnation  is  preferable 
where  applicable,  (ii)  The  varnish  itself  must  be  dry,  clean,  and 
of  the  right  consistency;  the  viscosity  affects  the  penetration  and 
adherence  obtained.  Evaporation  of  solvent  must  be  made  good 
at  frequent  intervals,  a  hygrometer  and  thermometer  being  used 
to  check  the  consistency.  The  density  of  an  average  insulating 
varnish  decreases  or  increases  about  0’3  to  0*35  °/o  per  5°  C.  rise 
or  fall  from  15°  C. 

A  good  oil  varnish  is  practically  proof  against  acid,  oil,  and 
moisture.  A  valuable  effect  of  impregnating  windings  is  to  in¬ 
crease  the  heat  conductivity  of  the  insulation  as  a  whole. 

77-  Liquid  Insulators. — The  only  insulators  which  are  liquid 
during  normal  service  are  oil  and  carbon  tetrachloride.  As 
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generally  employed  the  purpose  of  such  insulators  is  to  assist  in 
removing  heat  (as  in  transformers)  or  to  quench  arcs  (as  in 
switches  and  fuses).  The  dielectric  strength  of  oil  is  higher  than 
that  of  air  (§  78),  but  the  main  reasons  for  its  use  are  as  stated. 
Due  to  its  convection  currents,  oil  is  more  effective  than  a  solid 
filling  in  removing  heat,  within  the  range  of  thermal  conductivities 
of  the  insulating  materials  available. 

(1)  Transformer  and  Switch  Oil. — Mineral,  animal,  and  vegetable  oils  are  all 
good  insulators,  of  practically  equal  value  when  pure  and  dry,  but  mineral  oils 
have  the  advantage  of  being  practically  immune  from  oxidation  and  the  develop¬ 
ment  of  acidity  in  service ;  also,  they  are  less  subject  to  sludging  and  carbonisation 
by  heat.  Resin  oil  has  been  mentioned  favourably  in  Germany  for  use  in  trans¬ 
formers  because  it  forms  no  tar  deposits;  it  is,  however,  quickly  carbonised  by 
arcs  if  used  in  switchgear.  The  oils  employed  almost  universally  for  transformers 
and  switchgear  are  petroleum  distillates.  The  particular  grade  employed  is  called 
transit  oil.  Specifications  vary  somewhat,  but  the  properties  generally  demanded 
in  the  oil  as  delivered  *  are :  An  unmixed,  clear,  refined  product  of  sp.  gr.  between 
0*85  and  0*90  at  20°  C.  Viscosity  (Redwood),  say,  between  100  and  200  secs,  at 
20°  G.,  and  between  60  and  75  secs,  at  50°  C.  Practically  free  from  moisturo, 
sand,  fibres,  etc.*  Free  from  alkali  and  sulphur.  Acid  content  not  moro  than 
0*02  %  expressed  as  H2S04  (often  ‘  no  trace  of  acid  ’  is  specified).  Setting-point 
(cold  test)  not  above  -  15°  C.  for  switch  oils,  and  not  above  -  4°  G.  for  transformer 
oils.  Flash-point  not  below  145°  G.  for  transformer  oil,  and  160°  C.  for  switch  oil. 
The  loss  by  evaporation  when  heated  for  6  hrs.  at  100°  C.  should  not  exceed  0*5 
%;  no  deposit  should  form,  and  no  acidity  should  be  developed  during  this  heat¬ 
ing.  Tests  for  sludging  (which  should  not  occur)  involve  bubbling  air  through 
oil  at,  say,  110°  G.  for  two  or  three  days. 

Though  a  specification  of  this  nature  ensures  that  a  suitable  oil  is  obtained, 
the  influence  of  the  various  clauses  is  not  so  definite  as  might  be  expected.  The 
viscosity  of  the  oil  affects  the  rate  of  cooling  of  transformers  and,  naturally,  the 
viscosity  at  the  normal  working  temperature  should  be  considered ;  the  viscosity 
at  atmospheric  temperature  is  of  little  practical  importance.  It  is  doubtful 
whether  viscosity,  within  the  range  of  practical  values,  has  appreciable  influence 
on  the  speed  of  quenching  arcs  at  switch  contacts.  There  must  bo  no  risk  of  a 
switch  oil  congealing  at  low  atmospheric  temperatures,  but  stiff  oil  in  a  cold  trans¬ 
former  is  of  little  importance  provided  that  the  viscosity  becomes  correct  as  the 
transformer  heats  up.  The  flash-point  test  is  useful  only  as  excluding  oils  with 
highly  volatile  constituents.  The  maximum  temperature  in  service  is  always  far 
below  the  flash-point  (§  80)  except  at  submerged  arcs,  where  burning  cannot 
occur ;  if  arcing  occurs  in  contact  with  air  the  oil  will  ignite  whatever  its  flash¬ 
point.  A  small  loss  by  evaporation,  on  heating,  is  desirable,  but  the  rate  of  loss 
naturally  becomes  much  smaller  as  evaporation  proceeds.  In  modern  trans¬ 
formers  volatile  matter  can  escape  only  slowly,  if  at  all,  from  the  tank ;  oil-switch 
tanks  are  provided  with  pipe- vents  to  free  air. 

Sludging  in  transformer  oil  forms  deposits  which  clog  the  circulating  pas¬ 
sages,  and  reduce  the  rate  of  heat-transmission  from  transformer  to  oil  and  from 
oil  to  tank.  The  deposits  are  oxidation  products  and  have  an  acid  reaction  ;  their 

*The  oil  must  be  filtered  and  dried  before  use  as  explained  below. 
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formation  appears  to  be  hastened  by  a  catalytic  action  on  the  part  of  copper. 
Forced  circulation  of  oil  prevents  the  sludge  from  settling ;  periodic  filtration  is 
desirable.  Russian  oils  contain  less  tar  and  give  less  trouble  from  sludge  than  do 
American  oils. 

It  is  useless  to  specify  voltage  break-down  tests  for  oil  as  delivered,  because  oil 
delivered  in  bulk  inevitably  contains  fibrous  and  other  foreign  matter  and  some 
moisture  (up  to,  say,  0*1  °/G).  Recent  research  *  indicates  that  break-down  tests  on 
oils  with  needle  points  or  point  and  plate  electrodes  do  not  indicate  the  quality  of 
oil  as  regards  wetness  or  dirt,  and  therefore  give  a  fictitious  consistency  of  results. 
After  filtration  and  drying,  a  good  transformer  or  switch  oil  should  not  break¬ 
down  below  20  000  V  when  tested  on  a  0*15  in.  gap  between  spheres  of  £  in.  di¬ 
ameter  submerged  at  least  2  ins.  Filtration  and  drying  may  be  effected  by  forcing 
the  oil  through  a  filter- press  containing  sheets  of  absorbent  paper. 

The  break-down  of  oils  appears  to  be  due  generally  to  fibrous  particles  form¬ 
ing  chains  between  the  electrodes  under  the  influence  of  the  intense  electrostatic 
field.  The  remarkable  effect  of  a  trace  of  moisture  in  reducing  the  dielectric 
strength  of  oil  (1  part  of  water  in  10  000  of  oil  may  halve  the  break-down  voltage) 
is  explained  by  the  moisture  being  absorbed  by  the  fibrous  particles.  If  oil  be 
cleansed  by  a  colloid  or  membrane  filter  its  break-down  voltage,  on  a  0*15  in.  gap 
between  £  in.  spheres,  may  be  65  000-90  000  V  or  higher. 

(2)  Carbo7i  Tetrachloride  is  incombustible  and  comparable  with  mineral  oil 
as  an  insulator.  It  has  been  tried  as  a  substitute  for  mineral  oil  in  oil  switches 
but  is  subject  to  serious  disadvantages,  viz . :  (1)  It  evaporates  at  atmospheric 
temperatures.  This  may  be  prevented  by  a  layer  of  glycerine,  but  the  latter  is  a 
conductor  and  is  liable  to  get  on  the  insulators  ;  also,  glycerine  corrodes  copper. 
(2)  It  corrodes  copper,  but  protection  can  be  obtained  (except  at  the  contact  faces) 
by  tinning.  (S)  It  has  no  lubricating  value.  (4)  It  is  about  twice  as  heavy  as 
mineral  oil  (sp.  gr.  1*6  compared  with  0*87).  (5)  It  has  aneesthetic  effects,  is 

detrimental  to  health,  and  dissolves  rubber. 

Carbon  tetrachloride  boils  at  76°  C.  and  freezes  at  —  27°  C.  Its  only  ad¬ 
vantage  for  switchgear  appears  to  be  its  incombustibility,  and  this  is  outweighed 
by  its  many  disadvantages.  It  is,  however,  used  as  a  filling  for  certain  high 
tension  fuses. 

78.  Air  as  an  Insulator. — Wherever  it  is  applicable  as  in¬ 
sulation,  air  has  the  advantage  that  it  needs  no  preparation  or 
maintenance.  Should  a  voltage  break-down  occur  the  full  insula¬ 
tion  is  restored  by  fresh  air  directly  the  discharge  ceases,  unless 
the  ionised  air  cannot  escape — in  which  case  the  insulation  may 
be  low  for  some  time.  Though  air  itself  costs  nothing,  a  structural 
support  has  to  be  provided  to  hold  conductors  apart  in  air,  and 
porcelain  or  equivalent  insulators  have  to  be  provided  between 
the  conductors  and  their  supports ;  these  insulators  are  electrically 
in  parallel  with  the  air  between  the  conductors.  Again,  though 
air  is  a  ‘  self-mending  5  insulator,  a  break-down  may  result  in 

*  See  communication  from  B.E.R.A., 4  Research  on  Insulating  Oils,’  EL  JRev., 
Vol.  89,  p.  687. 
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injury  to  the  conductors  by  arcing,  or  in  the  establishment  of 
pressure  surges  (§  349)  which  damage  the  insulation  of  machine 
windings,  etc.,  at  other  points,  in  the  system. 

The  dielectric  strength  of  compressed  air  is  considerably  higher 
than  that  of  air  at  atmospheric  pressure,  and  compressed  air  has 
therefore  been  used  in  E.H.T.  condensers  and  instruments,  mainly 
for  experimental  purposes. 

There  is  a  fairly  definite  relation  between  the  maximum  value  of  an  alternat¬ 
ing  voltage  and  the  length  of  air-gap  across  which  sparking  occurs  between  stated 
electrodes.  This  affords  a  convenient  method  of  measuring  very  high  pressures, 
and  tables  have  been  prepared  by  various  investigators  to  show  the  voltages  cor¬ 
responding  to  various  sparking  distances.  For  a  given  voltage  the  spark  gap  is 
greater  between  needle  points  than  between  spherical  electrodes  (roughly  four 
times  as  great  between  needles  as  between  spheres  of  6  ins.  diameter  for  pressures 
between  40  000  and  80  000  V,  R.M.S.).  The  break-down  voltage  increases  about 
0*25  °/0  per  1  mm.  rise  in  barometric  pressure,  and  decreases  about  0*35  °/0  per 
1°  O.  rise  in  temperature  ;  the  humidity  and  amount  of  dust  in  the  air  also  affect 
the  break-down  voltage  very  considerably.  In  X-ray  work  and  insulation  tests  the 
crest  voltage  (§  30)  is  important  and  tables  are  available  *  showing  the  peak 
voltage  corresponding  to  various  gap  lengths.  For  industrial  purposes,  where 
sinusoidal  waves  are  used,  it  is  more  convenient  to  use  tables  showing  the  R.M.S. 
voltages  for  various  gap  lengths.f  With  spheres  1  ft.  or  more  in  diameter  the 
break-down  voltage  becomes  roughly  proportional  to  the  gap  length  and  is  about 
20  000  V  per  cm.  for  gaps  from  2-5  cm.,  and  about  16  000  V  per  cm.  for  gaps 
from  1015  cm.  (R.M.S.  values).  These  figures  are  for  general  guidance  only; 
see  B.E.S.A.  tables  (loc.  cit.)  for  complete  data. 

It  is  necessary  to  distinguish  carefully  between  the  true  dielectric  strength 
of  air  in  volts  per  cm.  when  subject  to  a  uniform  electrostatic  stress,  and  the 
break-down  voltage  for  a  particular  gap.  The  relation  between  applied  P.D.  and 
maximum  dielectric  stress  is  easily  calculated  where  spherical  electrodes  are  used  ; 
Russell  %  gives  the  formula  R)riax .  =  (V  /a)/;  where  Rmax,  =  maximum  electric 
stress  in  volts  per  cm. ;  V  —  P.D.  between  spheres;  x  =  minimum  distance  be¬ 
tween  spheres,  in  cm. ;  /  =  a  correction  factor  varying  with  x  /  a,  where  a  =  radius 
of  each  sphere,  in  cm.  Tables  of  values  for  /  are  given  loc.  cit.  With  infinitely 
large  spheres  (x  /  a  =  0)  /  =  1 ;  for  x  /  a  =  0*3,  0*5,  0*7,  1*0,  and  1*5,  /  =  1T0, 
1*17,  1*25,  1*36,  and  1*56  respectively.  Russell  J  finds  that  the  maximum  stress 
between  spherical  electrodes  in  air  at  the  moment  of  break-down  is,  in  maximum 
(not  R.M.S.)  kilovolts  per  cm.,  RmLX,  —  27-4  -f  14*1  /  for  values  of  a  (=  radius 
of  sphere  in  cm.)  from  0*25  cm.  to  25  cm.  and  at  25°  C.  and  760  mm.  barometer. 
The  corresponding  maximum  (not  R.M.S.)  sparking  voltage  is  calculated  from  : 
V  =  Rmax  (a?  If).  This  indicates  that,  at  atmospheric  pressure ,  the  dielectric 
strength  of  air  is  about  27  500  V  (max.)  per  cm.,  the  other  term  in  the  expression 


*  See  X-Rays  by  Kaye  (Longmans). 

f  A  table  of  sparking  distances  for  sphere  spark  gaps  from  10  000*400  000  V 
(R.M.S.)  is  given  in  B.E.S.A.  Report  137. 

XPhil.  Mag.y  6,  Yol.  2,  p.  258;  Jour .  I.E.E.y  Yol.  40,  p.  6  ;  Electric  Cables 
and  Networks  (Constable),  p.  243. 
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for  R>niaX'  being  a  correction  for  the  effects  of  currents  of  electrified  air  and  vanish¬ 
ing  when  a  is  very  large. 

As  regards  compressed  air ,  Watson  *  finds  that  the  dielectric  strength  of  air  at 
17°  G.  is  approximately  (20  +  25*6  P)  kV  per  cm.  (maximum,  not  R.M.S.  volts), 
where  P  =  air  pressure  in  atmospheres  absolute.  This  formula  is  purely  empirical, 
but  is  sufficiently  accurate  for  all  pressures  between  3  and  15  atmos.  absolute. 
Air  at  200  lbs.  per  sq.  in.  gauge  pressure  (14*6  atmos.  absolute)  has  a  dielectric 
strength  of  about  395  kV  per  cm.  (1  000  V  per  mil),  which  is  about  ten  times  the 
dielectric  strength  of  air  at  atmospheric  pressure  (between  1  in.  spheres),  and  equal 
to  that  of  micanite. 

79.  Effect  of  Air  Films  in  Layered  Insulation. — Air  films 
afford  an  opportunity  for  hygroscopic  insulating  materials  to  be¬ 
come  damp ;  also,  the  dielectric  strength  of  air  at  atmospheric 
pressure  is  lower  than  that  of  solid  and  impregnating  insulating 
materials.  The  most  serious  result,  however,  of  air  films  between 
layers  of  paper,  micanite,  etc.,  in  insulation  subjected  to  high 
voltage,  is  the  uneven  voltage  gradient  thus  established.  The 
layers  of  solid  insulation  and  air  amount  to  condensers  in  series, 
and  the  total  voltage  across  the  insulation  as  a  whole  is  divided 
between  the  layers  in  proportion  to  their  thickness  and  in  inverse 
proportion  to  their  specific  inductivity  capacity  (§  46).  The 
specific  inductive  capacity  of  air  being  lower  than  that  of  solid 
dielectrics  (Table  7),  the  voltage  across  an  air  film  is  higher  than 
that  across  an  equal  thickness  of  the  solid  dielectric  and  may  be 
sufficient  to  cause  break-down  ;  even  if  break-down  does  not  occur 
at  once  the  air  is  ionised,  and  the  solid  dielectric  is  deteriorated 
by  the  ozone  and  nitrous  oxides  formed. 

Example. — Suppose  that  two  2  mm.  sheets  of  micanite  with  a  0*1  mm.  air 
film  between  them  be  subjected  to  a  P.D.  of  6  600  V.  Let  the  P.D.  across  the  mi- 
canite  be  vm  and  that  across  the  air  be  va .  Denoting  the  corresponding  thicknesses 
by  tw  »  an^  specific  inductive  capacities  by  km,  ka  respectively,  v w*-  *•  va  — 

(tm  I  Ki) :  (4a  I  hb  Now  ha= 1-0  and  ^»=6  (say)-  Hence.  vm :  va  =  (*/  6) :  (°-1  /  *)  5 
whence  vm  =  va  x  4  /  0-6  =  6-7  va •  But  vm  +  va  =  6  600  v  J  therefore  8-7  va  +  va 
—  6  600  and  va  =  6600/  7*7  =  860  V.  A  P.D.  of  860  V  across  a  0*1  mm.  film 
corresponds  to  86  000  V  per  cm.  which  stress  is  two  or  three  times  the  dielectric 
strength  of  air  at  normal  pressure  (§  78).  The  air  film  will  therefore  break  down, 
and  the  heat  from  this  discharge  will  soon  cause  the  micanite  to  fail. 

Due  to  the  excessive  stress  otherwise  placed  upon  air  between 
layers  of  paper  or  fibres  of  cotton,  silk,  etc.,  such  materials  must 
be  impregnated  when  used  as  high-tension  insulation,  apart  from 
the  equally  important  consideration  of  excluding  moisture. 

*  Jour.  I.E.E. ,  Vol.  43,  p.  113. 
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80.  Temperature  Limits  for  Insulating  Materials. — As 

stated  in  §  §  71,  72,  the  specific  resistance  and  dielectric  strength 
of  all  insulating  materials  decrease  rapidly  when  the  temperature 
is  raised.  Also,  organic  insulating  materials  suffer  permanent  in¬ 
jury  (by  charring,  becoming  brittle,  etc.)  if  heated  above  a  quite 
moderate  temperature  (usually  in  the  neighbourhood  of  100°- 
130°  C.*  For  these  reasons  it  is  necessary  to  avoid  overheating 
such  materials  both  during  manufacture  and  in  service.  If  char¬ 
ring  occurs  the  material  is  converted  more  or  less  completely  to 
carbon  which  is  a  conductor.  Refractory  insulating  materials 
used  in  heaters  and  the  like  have  necessarily  to  be  exposed  to 
high  temperatures,  and  the  approximate  limits  have  been  stated  in 
preceding  sections  relating  to  the  materials  concerned.  The  I.E.C. 
Rules  for  Electrical  Machinery  (Publication  No.  34)  stipulate  that 
the  highest  observable  temperatures  in  the  machinery  covered  by 
these  rules  f  shall  not  exceed  for — cotton,  paper,  or  silk  80°  C. 
when  not  impregnated,  and  95°  0.  when  impregnated  or  immersed 
in  oil ;  enamelled  wire,  95°  C. ;  mica,  asbestos,  glass,  porcelain, 
micanite,  and  similar  compositions,  115°  C.  The  proposed 
temperature  limit  for  oil,  measured  by  thermometer,  is  90°  C. 
(See  also  §  136.) 

Magnetic  Materials  and  Non-magnetic  Steels. 

81.  Magnetisation  Curve  and  Cycle.— A  solenoid  of  IT  Jl 
ampere-turns  per  cm.  (§§  42,  43)  produces  within  itself  a  magnetic 
field  H  =  (47 r  /  10)  x  (IT  / 1)  lines  per  sq.  cm.  but  if  the  solenoid 
have  a  magnetic  core,  the  magnetic  induction,  B,  therein  is  greater 
than  the  magnetising  field,  H>  in  the  ratio  B  /  H  =*  the  perme¬ 
ability  of  the  core  material  (§  43).  Referring  to  Fig.  12  the  in¬ 
duction  rises  comparatively  slowly  from  0  to  a  while  the  initial 
resistance  of  the  steel  to  magnetisation  is  being  overcome.  From 
a  to  A  the  induction  increases  rapidly  as  the  field  H  increases, 

*  Charring  temperatures  of  insulating  materials  quoted  by  Messrs.  Pinchin, 
Johnson  &  Co.  Ltd.  are  (in  °0.) :  Cambric,  shellacked  160°,  untreated  163° ; 
oiled  duck,  170°:175°;  drilling,  untreated,  175°;  leather,  oiled,  182°;  silk,  oiled, 
200°,  untreated,  220° ;  surgical  brand  cotton,  230°  ;  glazed  pressboard,  240°-250°; 
fine  linen,  250°. 

+  i.e.  rotating  machines  of  which  the  terminal  pressure  does  not  exceed  5  000  V 
or  of  which  the  rated  output  does  not  exceed  750  kVA,  or  of  which  the  stator  cores 
do  not  exceed  50  cm.  axial  length,  and  all  transformers  which  are  not  water 
oooled. 
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the  permeability  being  high.  Beyond  A  the  effect  of  magnetic 
saturation  becomes  evident  and  at  G  the  steel  is  practically  satur¬ 
ated,  further  increase  in  the  magnetising  field  producing  only  the 
same  additional  induction  as  would  be  produced  with  an  air  core  ; 
at  very  high  values  of  H  (beyond  the  range  of  ordinary  practice) 
the  induction  OG'  is  a  negligibly  small  fraction  of  the  total  in¬ 
duction,  i.e.  the  permeability  of  the  core  is  then  nearly  unity. 
Within  the  practical  range  of  magnetising  forces,  however,  the 
permeability  is  high — of  the  order  I  000  at  flux  densities  about 
10  000  lines  per  sq.  cm.,  in  the  case  of  those  grades  of  iron  and 
steel  which  are  used  as  cores  for  electromagnets,  armatures,  trans- 


Fig.  12. — Magnetisation  curve  and  cycle. 


formers,  etc.  For  such  applications  high  permeability  and  low 
hysteresis  and  eddy  current  losses  (§§  34,  39)  are  primary  require¬ 
ments.  In  permanent  magnets,  however,  the  principal  require¬ 
ments  are :  (i)  a  high  saturation  density  (0(7,  Fig.  12) ;  (ii)  a 
high  remanent  magnetism  (OD,  Fig.  12)  when  the  magnetising 
force  is  removed ;  and  (iii)  a  high  coercive  force  ( OE ,  Fig.  12), 
this  being  the  negative  magnetising  force  required  to  neutralise 
the  remanent  magnetism  OD  and  thus  a  measure  of  the  tenacity 
with  which  the  material  holds  this  remanent  magnetism.  If  the 
negative  magnetising  force  be  increased  beyond  the  value  OE , 
the  steel  is  re-magnetised  (in  the  opposite  polarity)  and  ultimately 
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reaches  a  saturation  point  F  corresponding  to  G.  On  again  re¬ 
ducing  the  magnetising  force  there  is  left  remanent  magnetism 
OG  (=  OD)  to  remove  which  the  coercive  force  OK  (=  OE) 
must  be  applied.  Beyond  K  positive  magnetisation  occurs  along 
the  curve  KG  and  not  along  OAC.  The  latter  curve  is  followed 
only  during  the  initial  magnetisation  from  the  non-magnetised 
state  represented  by  0  ;  to  retrace  OA  G ,  we  should  have  to  re¬ 
move  the  negative  magnetising  force  at  such  a  point  on  the  curve 
EF  that  the  remanent  magnetism  was  zero  (instead  of  OG). 
The  complete  curve  CEFKC  is  the  ‘  hysteresis  loop  ’  for  the 
material  and  the  area  enclosed  by  this  loop  represents  the  energy 
expended  in  overcoming  hysteresis  during  one  complete  cycle  of 
magnetisation.  The  loop  shown  in  Fig.  12  refers  to  Firth's  per¬ 
manent  magnet  steel.  The  area  of  the  loop  is  large,  i.e.  the 
hysteresis  loss  is  high,  but  this  is  inevitably  so  where  a  permanent 
magnet  is  concerned  and  is,  indeed,  an  index  of  merit  for  the  de¬ 
sirable  qualities  are  high  remanence  and  high  coercive  force  both 
of  which  involve  a  wide  loop. 

Where  iron  or  steel  is  to  be  used  as  the  core  of  an  electro¬ 
magnet,  armature,  transformer,  etc.,  the  desirable  qualities  include 
high  permeability  and  a  small  hysteresis  loop. 

The  succeeding  paragraphs  deal  briefly  with  core  materials, 
permanent  magnet  steels,  and  non-magnetic  irons  and  steels. 
Typical  magnetisation  curves  for  irons  and  steels  and  for  nickel 
and  cobalt  (the  only  two  non-ferrous  materials  possessing  any 
high  degree  of  magnetic  susceptibility)  are  given  in  Fig.  13. 
Permeability  values  may  be  obtained  for  any  particular  value  of 
induction,  B,  by  dividing  the  latter  by  the  corresponding  value 
of  H.  A  scale  of  ampere-turns  per  cm.  is  added  below  the  H- 
scale,  this  being  more  convenient  for  purposes  of  design  (§  43). 

82.  Core  Materials. — Broadly  speaking,  maximum  physical 
hardness  coincides  with  the  best  magnetic  qualities  (high  re¬ 
manence  and  coercivity)  in  permanent  magnets  whilst  physical 
softness  is  associated  with  high  saturation  density,  high  perme¬ 
ability  and  low  hysteresis  loss,  these  being  desirable  characteristics 
in  iron  which  is  to  be  used  in  electromagnets  (including  armature 
and  transformer  cores,  etc.).  For  the  frames  of  D.C.  motors  and 
dynamos,  which  serve  also  as  the  magnetic  yoke  between  the 
field  poles,  cast  iron  or  cast  steel  is  generally  employed.  Cast 
steel  has  the  advantage  of  being  mechanically  and  magnetically 
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superior  to  cast  iron;  also,  it  is  magnetically  equal  to  or  better 
than  wrought  iron  and  is  more  convenient  for  the  constructional 
purposes  concerned.  A  3  %  nickel  steel  is  sometimes  used  for  the 
frames  and  rotors  of  large  dynamos  on  account  of  its  excellent 
mechanical  properties.  In  the  rotating  field  systems  of  high¬ 
speed  turbine- driven  machines  the  mechanical  stresses  are  such 
that  rolled  steel  plates  offer  advantages  compared  with  forgings 

(S  i«). 

Where  the  magnetic  field  is  alternating — as  in  armatures, 
transformers  and  the  field-systems  of  A.C.  motors — it  is  necessary 
to  subdivide  the  core  into  thin  sheets  in  order  to  reduce  the  eddy 
current  loss  (§  39).  For  the  same  reason  it  is  desirable  that  the 
electrical  resistance  of  the  metal  should  be  high.  The  dimensions 
of  such  cores  have  a  large  influence  on  the  overall  dimensions  and 
cost  of  the  machine  or  transformer  and,  in  order  to  reduce  them, 
high  permeability  and  high  saturation  density  are  required. 
The  shape  of  the  curves  in  Fig.  13  is  such  that  a  small  vertical 
distance  between  them  involves  a  large  increase  in  ampere-turns 
per  cm.  in  order  to  reach  a  given  flux  density  in  the  inferior 
material. 

For  many  years  sheets  of  Swedish  charcoal  iron  were  the 
best  material  available  for  cores ;  these  have  a  maximum  perme¬ 
ability,  3  000;  a  hysteresis  loss  about  1*8  W  per  kg.  *  (Bma£r, 
10  000  gauss) ;  and  an  electrical  resistance,  10  microhms  per  cm. 
cube.  It  has  been  found,  however,  that  a  small  percentage  of 
aluminium  or  silicon  greatly  increases  the  permeability  and  re¬ 
duces  the  hysteresis  loss  of  iron.  The  authors  are  indebted  to 
Messrs.  J.  Lysaght,  Ltd.,  and  J.  Sankey  &  Sons,  Ltd.,  for  permis¬ 
sion  to  reproduce  the  curves  in  Fig.  13,  relating  to  their  special 
electrical  steels  ‘  Lohys, ’  ‘Special  Lohys,’  and  ‘Medium  Re¬ 
sistance  '  dynamo  steels,  and  *  Stalloy  ’  which  is  a  high  resist¬ 
ance  silicon  steel  used  mainly  in  transformers.  The  total 
hysteresis  plus  eddy  loss  in  20  mil  sheets  of  these  materials  at 
IWa;.  =  10  000  gauss,  50  cycles  per  sec.  is  approximately  3*5  W 
per  kg.  for  Lohys  (sp.  gr.  7'8) ;  2*9  *W  per  kg.  for  Special  Lohys 
(sp.  gr.  7*8) ;  2*5  W  per  kg.  for  Medium  Resistance  Steel  (sp.  gr. 
7*75) ;  and  1*75  W  per  kg.  for  Stalloy  (sp.  gr.  7*5).  The  maxi- 


*1  watt  per  kg.  =  1550  ergs  per  cu.  cm.  per  cycle,  at  50  cycles  per  sec. 
(nearly). 
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mum  permeability  of  4  7„  nil  icon  steel  is  nearly  H  000,  ami  an 
important  advantage  of  this  material  is  that  the  ‘ageing*  is 
negative,  i.e.  the  losses  actually  decrease  during  years  of  service. 

An  iron  alloy  containing  05  7.,  <>f  cohalt  1ms  a  saturation 
density  about  25  7,  higher  than  that  of  iron,  hut  this  alloy  is 
prohibitively  expansive  at  present;  for  hard  cobalt  steel  str  §  Hl\. 


Electrolytic  (carbon-free)  iron  mulled  in  mm„  and  thus  freed 
from  oxygen  ha«  a  maximum  permeability  of  nearly  20  000,  a 
hysteresis  loss  about  0  5  W  jmt  kg.  ( B„,  10  (KM l  gauss,  bo 
cycles  per  hoc.),  arid  an  electrical  resistance  about  10  microhms 
per  cm.  cube.  , Swedish  inm  similarly  treated  is  deprived  of  it* 
carbon  ami  gives  nearly  as  good  result*.  Yeimen's  test*  , 
VOL.  I.  ‘J7  7 
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vacuum-melted  3*4  °[Q  silicon  alloy  show  this  material  to  ha' 
maximum  permeability  between  60  000  and  7 0  000 ;  hysteres 
loss  about  0‘2  W  per  kg.  ( Bm(ix .  10  000  gauss,  50  cycles)  ;  ai 
electrical  resistance  nearly  50  microhms  per  cm.  cube.  There  & 
obvious  practical  difficulties  in  melting  large  quantities  of  mei 
in  vacuo ,  but  the  use  of  this  class  of  material  is  likely  to  exten 

Large  quantities  of  powdered  iron  are  used  in  the  Unit< 
States  as  a  substitute  for  hard  iron  wire  in  the  cores  of  ‘  loading 
coils  for  telephone  circuits,  where  the  requirements  are  constai 
permeability  and  small  loss  by  hysteresis  and  eddy  curreni 
Electrolytic  iron  is  ground  to  pass  a  sieve  with  100-200  mesh 
per  inch,  rolled  with  flake  zinc  (which  is  then  removed),  insulate 
with  shellac,  and  compressed  at  100  tons  per  sq.  in.  to  produi 
blocks  nearly  as  dense  as  iron  and  with  a  tensile  strength  of 
to  i  ton  per  sq.  in.  A  permeability  of  50  to  150  is  obtained  j 
the  range  H  =  25  to  50  gauss  (c/.  Fig.  13),  the  permeability  < 
particular  samples  being  nearly  constant  over  a  considerable  ran£ 
of  flux  density.  The  eddy  losses  are  low,  due  to  the  iron  beir 
electrically  discontinuous. 

‘  Permalloy  *  is  the  generic  name  applied  to  nickel-iron  alloj 
containing  about  80°/o  Ni  and  20°/o  Fe.  These  alloys  possess  r 
markable  magnetic  properties ;  they  will  certainly  be  of  impo: 
tance  in  electrical  communication  (telegraphy,  etc.)  and  may  fin 
application  in  heavy  engineering.  When  properly  heat- treated 
permalloy  has  an  ‘initial  permeability’  ( i.e .  permeability  at  zei 
field,  by  extrapolation)  as  high  as  13  000,  or  more  than  thirty  tim< 
that  of  the  best  soft  iron.  Permalloy,  although  it  has  a  saturatio 
value  B  ==  11  000  gauss  (approx.),  comparable  with  that  of  iroi 
approaches  saturation  in  the  earth’s  field.  The  area  of  th 
hysteresis  loop  for  permalloy,  with  Bmax.  =  5  000  gauss,  is  on( 
sixteenth  of  that  for  soft  iron.  For  B  =  4  000  to  6  000  gauss  th 
permeability  of  permalloy  is  80  000  to  90  000,  which  is  very  muc 
higher  than  the  value  for  silicon  steel  (§  82) .  For  further  informs 
tion,  see  Jour.  Franklin  Inst.,  Vol.  195,  p.  621. 

83.  Permanent  Magnet  Steels. — As  explained  in  §  81  tw 
of  the  main  requirements  in  a  permanent  magnet  steel  are  hig 
remanence  and  high  coercivity;  in  addition  the  magnet  shoul 
not  be  weakened  appreciably  by  ‘  ageing  ’  when  exposed  to  vi 
bration,  temperature  variations,  etc.  High-carbon  steel  (1  t 
. .lir°/o  carbon)  can  be  used  for  permanent  magnets,  best  result 
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being  obtained  when  the  metal  is  so  quenched  as  to  yield  the 
finest  grain  and  greatest  mechanical  hardness  ;  a  remanence  of 
8  500  gauss  and  a  coereivity  of  50  can  be  obtained.  Alloy  steels 
are  now  available  which  give  far  better  magnets  than  plain  carbon 
steel,  but  in  the  alloys  there  are.  many  factors  determining  the 
magnetic  qualities,  arid  it  does  not  follow  that  the  latter  are  best 
when  the  metal  is  in  its  hardest  state. 

Most  of  the  permanent  magnet  steels  on  the  marked*  are, 
tungsten  alloys  containing  from  5|  to  (>-J  7«  tungsten  ;  0*55  to 
0*7  %  carbon;  0*8  to  0*5  °/M  manganese;  0*1  to  0*15  silicon  ; 
and  traces  of  phosphorus  and  sulphur.  When  quenched  at  825”- 
850°  0.  such  steel  has  a  remanence  of  0  000  to  I  1  000  gauss  and 
a  coereivity  of  GO  to  70  gauss.  Chromium  steed  containing  about, 
2  %  chromium  and  0*85  "/n  carbon  gives  about  the  same  coereivity 
as  tungsten  steels,  but  the  remanence  is  lower  (0  000-0  500). 
Honda’s  cobalt  steel,  containing  85  cobalt,  7  to  0  r,/„  tungsten, 
and  0*5  7f(  carbon,  can  be  made  to  give  a  coereivity  of  180-200. 
Hndfiold’s  4  Pormanite/  also  a  cobalt  steel,  is  claimed  to  have  a 
remanence  of  11  200  and  a  coereivity  of  120  gauss. 

All  prmanent  magnets  should  be  ‘aged’  by  heating  them 
to  100°  0.  for  24-48  lirs.  and  subjecting  them  to  vibration.  The 
extent  and  rate  of  ageing  in  service  depends  considerably  upon 
the  form  of  the  magnet. 

84.  Non-Magnetic  Steels.  Iron  loses  its  magnetic  properties 
completely  when  (and  whilst)  heated  to  the  temperature  of 
recaleseonce  (about  080*  (i)  or  higher.  This  is  important  in 
connection  with  the  use  of  lifting  magnets  (Chapter  8 1  )  and  in 
the  magnetic  determination  of  the  correct  lemjmraturo  for  harden¬ 
ing  carbon  steel  (§  122).  A  somewhat  similar  phenomenon  is 
observable  in  25  7„  nickel  steel  which  is  normally  non- magnetic, 
but  which  becomes  magnetic!  when  cooled  to  -  40"  (  !.  and  then 
remains  magnetic  until  heated  to  (>(KP  (5.  Steels  which  are,  jam- 
magnetic  at  atmospheric  temperature  are  useful  for  structural 
purposes  where  the  mechanical  strength  of  steed  is  desired  with¬ 
out  the  disturbing  effects  which  would  1m  caused  in  the  neighbour¬ 
hood  if  magnetic  material  were  employed.  About  Jfi  "j  or  less 
of  manganese  (according  to  the  amount  of  carbon  present.)  pro¬ 
ducer  a  non-iuagnetic  steel,  the  electrical  resistance  of  which  is 


#  1  Pormawmt  Magnnt  i  in  Theory  and  l*raoiie#!,*  by  S, 
Vol.  5 H,  pp.  7B0  et  tcq.,  in  a  clfumic  treatment  of  fchn  Huhp 
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about  five  times  that  of  iron.  Hadfield’s  manganese  steel  contain¬ 
ing  13  %  manganese,  1*3  °/Q  carbon,  and  0*3  %  silicon  is  practically 
non-magnetic,  and  is  used  near  magnetic  compasses  and  in  other 
similar  applications ;  the  metal  is  practically  unmachinable  and, 
indeed,  owes  its  principal  applications  (to  special  trackwork, 
rock-crushers,  etc. )  to  its  remarkable  toughness  and  strength. 

A  non-magnetic  cast  iron  c  No-Mag  ’  (Dawson-Ferranti  patent 
application  33290/20)  is  recommended  for  use  in  resistance  grids, 
switch,  and  transformer  covers,  and  general  structural  components 
in  which  eddj^  currents  are  to  be  avoided.  This  material  resembles 
ordinary  cast  iron  except  that  it  is  tougher,  more  malleable,  and 
of  higher  electrical  resistance  (140  microhms  per  cm.  cube) ;  its 
permeability  is  1*02-1*03. 

Refractory  Materials  and  Timber  Preservatives. 

85.  Refractory  Materials. — Information  concerning  the  heat- 
resisting  properties  of  porcelain,  asbestos -compositions,  and  other 
materials  which  are  used  primarily  as  electrical  insulators,  is  given 
in  earlier  paragraphs.  The  materials  here  considered  are  those 
used  as  supports  for  the  hotwires  of  heating  apparatus,  as  linings 
for  electric  furnaces,  and  in  other  applications  where  resistance  to 
heat  is  a  primary  consideration.  Another  requirement  is  low 
thermal  conductivity,  in  order  that  heat  losses  may  be  reduced. 
At  their  working  temperature,  most  refractory  bricks,  etc.,  become 
relatively  good  electrolytic  conductors  (§  68),  hence  thoy  must  not 
be  subjected  to  high  P.D.  Mechanical  strength  and  low  tempera¬ 
ture  coefficient  of  expansion  are  desirable  from  the  constructional 
point  of  view.  Chemical  inertness,  particularly  resistance  to 
oxidation,  is  essential. 

Under  suitable  conditions  the  electric  furnace  can  be  made  to 
melt  practically  all  materials,  hence  it  is  correspondingly  difficult 
to  obtain  refractories  able  to  resist  for  a  reasonable  period  the  high 
temperatures  attained,  the  chemical  action  of  the  charge,  and  the 
scouring  action  of  the  molten  metal ;  no  known  material  will  stand 
up  to  these  conditions  indefinitely.  The  mechanical  strength 
of  all  refractories  is  low  at  high  temperatures  and  the  melting  (or 
flowing)  temperature  is  reduced  by  10  to  15  °/o  by  the  application 
of  a  load  of  50  lb.  per  sq.  in.  Conditions  are  much  less  severe 
in  furnaces  for  the  common  non-ferrous  metals,  because  not  onlv 
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are  the  melting-points  of  tin*  latter  lower  than  that.  <»1  st«‘el, 
but  also  there  is  not,  in  simple  melting,  the  se.vm-e  sla^  aeiion 
which  is  inevitable  in  steel  refining. 

Refractory  materials  may  bt*  enh'ined,  ground,  mixed  with 
binder,  and  then  either  funned  into  bricks,  or  rammed  to  torm  a 
solid  hearth  or  lining.  The  initial  drying  and  heating  must  he 
conducted  slowly  and  uniformly.  Moisture  in  refractories  eon 
taming  lime  is  apt  to  cause  slaking.  Krm*/,iug  is  disastrous  to 
most  refractories. 

Refractories  with  a  basic  reaction  are:  alundum,  bauxite, 
carborundum,  dolomite,  magnesite,  and  /.ireonite  ;  those  with  an 
acid  reaction  are  silica  and  kiesel^uhr;  and  those  which  are 
'neutral  are  chromite  ami  fireclay,  brief  notes  on  these  materials 
are  appended 

Alundum  (artificial  corundum)  in  made  by  fa  dug  ami  Mining  bauxite  m  the 
electric  furnace.  ItH  thermal  conductivity  i:»  aDmi  CO  7„  Inch's'  than  t  hat  of  njitni, 
Linear  cooflicient  of  expansion  h  >:  10  1  per  14<*.  Specific  r*  u-iiarc  e  M  Hr1  ft 
per  cm.  cube  at  20°  0. ;  100  n  per  cm.  cube  at  1  boo’’  (*.  Strong  at  high  tempera 
turen,  less  liable  than  silica  to  spall  or  splinter,  l‘nrd  in  beating  and  cooking  up 
paratuH  and  for  furnace  root*.  Weakened  by  lime  and  magfic*m  vapours,  Molting' 
point,  2  000°* 2  100'  0. 

.Bauxite  Brick  eoimists  of  calcined  alumina  with  fireclay  bond,  bred  at  the 
highest  attainable  temperature  in  order  to  complete  dmukage.  Melting  point 
1  650°- 1  H0Q°  (I.  according  In  quality. 

(■arfHirundum  (silicon  riirhide  or  ery.st'dMii  n  iiMul  f*>r  furnace  rooD,  due  ?»•« 
its  refractory  nature,  its  strength  at  high  temperature  >,  its  high  thermal  ♦  on 
ductivity  (more  than  twice  that  of  silica),  and  its  low  mnfhctcfit  *4  etpatiae.n 
(lower  than  that  of  silica).  It  ran  be  u  sed  at  t*  mj««  mtnre  i  exceeding  1  sim  T, 
So-called  carhtni  bricks  consist  of  rarlmriindtivti. 

Chromite,  Brick  containing  about  HD'/,,  chromium  oxide  iog»-t  her  wit  h  niumum4 
silica,  and  iron  oxide  is  attacked  by  molten  nieel  and  weak* '■u-\  about  J  h.vr  (\ 
Molting- point  about  2  KXP  C. 

Dolomite  consists  <4  limestone  with  a  high  percentage  >4  magmcmi,  When 
calcined  and  mixed  with  Ur  it  is  awl  for  rammed  hearth*  of  «tee)  fwriui#  ««i. 
If  exposed  to  moisture  UuHirne  slake*  ;  for  thin  reason  dolomite  bre -ks  are  rarely 
used. 

Fireclay  is  a  generic  term  applied  today*  which  nodi  about  1  utm  I  V“4*  i. 
Tho  principal  constituents  are  25-3 5  %  of  alumina  and  Mi  bn  7  of  .nie  a. 
Firebricks  made  from  burnt  fireclay  with  raw  clay  an  bond,  nr**  not  amiable  f..r 
exposure  to  the  full  heat  of  electric  funm*’fs,  Imt  are  n-Wnl  a*  mat  m  etbCe.u, 
Specific  heat,  0*22-0*40  at  tern  gtcralM  rex  from  MUB  J  HUD  D,  ,  weight,  I  Mi  ibv, 
per  cu.  ft.;  crushing  strength  1  MX)  Ihn.  |»er  vt«j.  in.  at  I  riw  LtUw%  atemi 
1550°  C.  Thermal  conductivity,  Ifl-lft  IkTh.U.  per  h  j.  ft.  p«  r  l  f»\  p.  r  hr,  ptf 
1  in.  thickness, 

Kiemhjuhr  (diatomaceous  earth)  contains  up  to  2b  7n  silica  and  nemi  iUi  » 4  i}w 
shells  of  diatoms*  Duo  to  tho  innumerable  air  j#*«  ket  1  (of  micros 'opi**  proj^rtiomd 
in  the  material— whether  used  m  a,  loose  powder  or  in  the  form  of  bre  kn  the 
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thermal  conductivity  is  very  low  (from  1  to  2  B.Th.U.  per  sq.  ft.  per  1°  3?.  per  hr. 
for  1  in.  thickness,  i>e.  about  one-tenth  that  of  solid  silica).  Kieselguhr  is  useful  for 
lagging,  and  can  he  used  in  building  and  lining  high  temperature  furnaces.  Owing 
to  the  enclosed  air,  the  apparent  sp.  gr.  is  about  1*0.  Melting-point  about  1  610°  C. 

Magnesite  is  used  with  tar  for  rammed  hearths,  etc.,  or  calcined  magnesite 
(85  c/0  to  94  °l0  magnesium  oxide)  is  moulded  without  bond  to  form  bricks  which  are 
fired  at  or  above  1 700°  C.  to  complete  their  shrinkage.  Pure  magnesia  melts  at  about 
2800°  C.  and  magnesite  brick  at  2  165°  C.  Magnesite  is  much  used  for  the  hearths 
aud  walls  of  steel  furnaces  aud  in  furnaces  for  melting  aluminium  and  its  alloys, 
bronze,  bearing  metals,  lead,  and  copper.  Magnesite  brides  expand  greatly  with 
temperature  (-^  in.  per  ft.  should  be  allowed  at  expansion  joints),  and  though  the 
melting-point  is  high  the  bricks  are  weak  at  a  much  lower  temperature.  Crush¬ 
ing  strength  65  lbs.  per  sq.  in.  at  1  650°  0. ;  weight  164  lbs.  per  cu.  ft. ;  thermal 
conductivity  15-20  B.Th.U.  per  sq.  ft.  per  1°  I1,  per  hr.  for  1  in.  thickness. 

Silica  Bricks  (Dinas  bricks)  are  made  from  sharp  quartzite  with  2  %  lime  as 
bond ;  the  bricks  should  be  at  least  96  °/0  silica.  They  are  strong  at  high  tempera¬ 
tures  but  spall  if  subjected  to  sudden  temperature  changes.  They  are  used  for 
furnace  roofs  and  as  lining  in  furnaces  for  melting  bronze,  copper,  or  silver. 
Silica  is  liable  to  attack  by  fluxes.  Specific  heat  0*22-0*30  between  500  and 
1  000°  0. ;  weight  100-110  lbs.  per  cu.  ft. ;  crushing  strength  1 850  lb.  per  sq.  in.  at 
1  350°  C.  and  over  75  lbs.  per  sq.  in.  at  1  500°  C. ;  thermal  conductivity  5-10 
B.Th.U.  per  sq.  ft.  per  1°  P.  per  hr.  for  1  in.  thickness.  Melting-point  1  700°  C. 
Ganister  brick  is  made  from  siliceous  rock  containing  about  10  0/o  of  clay  and 
requiring  no  other  bond.  Bure  silica  (quartz)  flows  at  1  750°  C.  and  is  used  in 
heating  and  cooking  apparatus,  etc.  (§  74,  II  ( b ). 

Zirconia,  which  is  now  available  in  commercial  quantities,  is  exceptionally 
refractory  (melting-point,  2  6O0°-3  000°  0.)  and  may  be  used  with  tar  for 
rammed  linings  or  in  the  form  of  bricks.  Though  dearer  than  magnesite,  the 
maintenance  costs  are  low  because  zirconia  is  very  resistant  to  slags  and  metals, 
is  mechanically  strong,  and  has  low  expansion  and  low  thermal  conductivity. 
The  specific  beat  is  0*14-0*18  from  500°- 1  500°  C.  .Zirconia  bricks  withstand 
1 800°  0.  satisfactorily ;  iron  oxide,  as  impurity,  lowers  the  melting-point. 

Refractory  cements  are  generally  of  the  same  composition  as  the  mixture 
from  which  the  bricks  are  baked.  A  paste  of  asbestos  (2  parts)  and  water  glass 
(3  parts)  mixed  with  water  is  useful  in  repairing  refractories  exposed  to  moderate 
temperatures. 

86.  Preservative  Processes  for  Timber. — Wood  impregnated 
with  paraffin  wax  is  acid-resisting  and  moisture-proof,  but  this  ‘ 
treatment  is  too  expensive  for  use  in  the  wholesale  preservation 
of  timber  (particularly  poles  for  overhead  lines,  §  323)  which  is 
to  be  exposed  to.  weather  or  buried  in  the  ground.  The  pre¬ 
servative  processes  applicable  in  such  cases  may  require  extensive 
plant  for  the  injection  of  antiseptic  solution  under  pressure,  or 
penetration  may  be  secured  by  more  or  less  prolonged  immersion 
in  open  tanks.  Among  the  pressure  processes  are  creosoting  by 
the  old  method  or  the  modern  Ruping  and  Rutger  processes.  A 
large  number  of  the  patent  solutions  have  been  introduced  for 
open-tank  processes. 
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Creosote  is  the  preservative  most  used  for  poles  in  this  country.  To  facilitate 
penetration,  small  radial  holes  may  be  forced  (not  drilled)  in  the  butt.  It  is  ad¬ 
visable  to  impregnate  the  whole  pole  and  not  merely  the  butt.  There  is  a  certain 
settlement  and  oozing  out  of  the  creosote  in  service ;  after  a  time  there  is  about 
one-third  the  original  weight  of  creosote  in  the  butt  and  a  less  proportion  in  the 
upper  parts.  Weight  for  weight,  creosote  is  estimated  to  have  about  twice  the 
antiseptic  effect  of  copper  sulphate  at  one-fiftieth  the  cost  for  materials.  With 
deep  penetration  the  oil  is  fairly  resistant  to  attack  by  white  ants.  Injection  of 
about  10  lbs.  of  creosote  per  cu.  ft.  of  timber  is  recommended  for  poles,  and  the 
wood  should  not  be  cut  or  drilled  after  creosoting,  as  the  heavier  fractions  of  the 
oil  lie  near  the  surface. 

Kyanising  is  a  low-pressure  process,  seasoned  timber  being  steeped  for  days  or 
weeks  in  a  weak  solution  of  mercury  chloride  (corrosive  sublimate).  The  solution 
does  not  penetrate  deeply,  and  the  weight  of  salt  absorbed  is  given  as  about  0*01  lb. 
per  sq.  ft.  of  surface  for  fir.  The  preservative  is  said  to  be  leached  out  by  rain,  and 
may  then  contaminate  drinking  water,  but  the  process  has  been  used  extensively 
on  the  Continent.  Kyanised  timber  can  be  painted. 

Aczol  is  a  mixture  of  copper  or  zinc  ammoniates  with  an  antiseptic  acid  con¬ 
taining  phenols  and  naphthalenes.  Its  action  is  to  cement  together  the  surface 
layers  of  wood  fibres  and  tissues,  and  is  claimed  to  be  as  effective  as  creosoting, 
and  to  cost  about  *2Jd.  per  cu.  ft.  for  pole  timber. 

The  Powell  saccharine  process  employs  by-products  of  sugar -refining  which 
are  said  to  form  an  approximation  to  amorphous  wood  in  the  interstices  of  the 
timber  treated.  Wood  is  appreciably  strengthened  by  the  treatment,  and,  by 
inclusion  of  arsenic  in  the  solution,  becomes  resistant  to  white  ants.  The  process 
is  used  fairly  extensively  in  Australia,  New  Zealand,  and  India.  Treated  timber 
is  clean,  dry,  and  can  be  painted. 

Solignum  has  proved  useful  within  the  author’s  experience  when  merely  painted 
on.  Microsol  consists  of  sulphates  of  copper,  soda,  and  lime.  Bellit  consists 
mainly  of  sodium  fluorite.  There  are  many  other  materials  and  processes  which 
cannot  be  dealt  with  here.  Treatment  by  simple  metallic  salts  is  not  in  high 
favour  in  fchds  country. 

An  exhaustive  treatment  of  the  nature  of  decay  in  wood,  and  of  preservative 
materials  and  processes,  is  given  by  A.  J.  Wallis-Tayler  in  the  Boyal  Society  of 
Arts  Journal ,  Vol.  62,  pp.  286  et  seg.  A  valuable  monograph  on  the  antiseptic 
treatment  of  timber  is  given  by  R.  S.  Pearson  in  Indian  Forest  Records ,  3,  Part 
2,  and  a  bibliography  is  given  therein. 

Data  concerning  the  life  of  timber,  treated  and  untreated,  are 
given  in  §  323. 

87.  Bibliography  ( see  explanatory  note,  §  58). 
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INSTRUMENTS  AND  MEASUREMENTS. 

88.  Measurements  Required. — In  order  to  know  what  is 
happening  in  an  electrical  circuit  it  is  necessary  to  measure  the 
quantities,  current,  pressure,  power,  frequency,  etc.,  relating  to  the 
current  itself.  Also  by  utilising  properties  of  the  electric  current 
or  variations  in  electrical  quantities  produced  by  other  than 
electrical  causes  it  is  possible  to  measure  the  latter ;  for  instance, 
the  resistance  of  a  conductor  varies  with  temperature  and  may  be 
used  to  measure  temperature  (§§  61,  122).  Instruments  for 
measuring  electrical  quantities,  and  electrical  instruments  for 
measuring  other  than  electrical  quantities,  are  described  in  this 
chapter,  mainly  as  regards  the  principles  upon  which  they  operate 
and  the  facts  bearing  upon  their  use.  For  details  of  construction 
reference  must  be  made  to  books  devoted  to  this  subject  (§  125). 

^9-  Types  of  Instruments. — An  electric  current  can  be 
measured  by  any  of  the  effects  which  it  produces,  and,  in  so  far  as 
the  effects  of  direct  and  alternating  current  are  different,  some 
instruments  can  be  used  only  for  direct  current  and  others  only 
for  alternating  current  measurements.  In  general — 

(a)  Any  *  polarised  ’  instrument  the  direction  of  deflection 
(or  other  action)  of  which  reverses  with  the  direction  of  the 
current  is  unsuitable  for  alternating  currents  unless,  as  in  the 
oscillograph  (§  118),  the  instrument  is  capable  of  following  the 
alternations  completely  and  accurately.  Polarised  instruments  can 
be  arranged  with  a  centre-zero  scale  so  as  to  read  in  either  direction 
without  reconnection. 

(b)  Instruments  in  which  the  effect  varies  with  the  square  of 
applied  current  or  P.D.,  or  with  the  product  of  suitably  related 
currents  or  P.D/s,  are  unaffected  by  alternations  in  these  quantities 
(except  as  regards  hysteresis  and  eddy  current  effects,  §§  34,  39, 
100,  101,  b )  and  can  therefore  be  used  in  A.C.  circuits.  They  can¬ 
not  be  arranged  as  centre-zero  instruments. 
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( c )  Instruments  which  depend  upon  alternation  of  current  for 
their  action  ( e.g .  induction  ammeters,  §  102)  cannot  be  used  on 
D.C.  circuits. 

The  effects  of  the  electric  current  on  which  its  measurement 
may  be  based,  and  the  main  types  of  instruments  utilising  these 
effects  are  as  follows  : — 

(i)  Electro-Chemical . —  The  electrolytic  effect  of  a  direct 
current  is  made  the  basis  of  the  international  definition  of  the 
ampere  (§  3).  It  cannot  be  used  to  measure  an  alternating  current 
because  the  electrolytic  effect  of  one  half-cycle  is  reversed  and 
neutralised  more  or  less  completely  by  the  ensuing,  reversed  half¬ 
cycle  (see,  however,  Chap.  17).  Neither  can  the  electrolytic  effect 
be  used  to  measure  the  instantaneous  value  of  a  varying  direct 
current.  The  amount  of  electro-chemical  action  produced  varies 
with  the  quantity  of  electricity  (§  28),  hence  this  effect  is  used  to 
measure  ampere-hours  (§114)  or,  on  the  assumption  of  an  unvary¬ 
ing  current  (§  3),  amperes  indirectly. 

(ii)  Thermal . — The  heating  effect  of  an  electric  current  varies 
with  the  square  of  the  current  (§  49),  and  is  therefore  the  same 
for  A.C.  as  for  D.C.  The  expansion  of  a  fine  wire  traversed  by 
the  current  to  be  measured  is  made  to  produce  a  convenient 
deflection  by  means  of  a  mechanical  or  optical  magnifying  system 
(§  99).  Alternatively  the  heating  of  a  special  resistance  element 
may  be  measured  by  a  thermo-couple  built  permanently  in  the 
circuit  of  a  moving  coil  instrument  (§  99). 

(iii)  Electromagnetic. — Instruments  of  this  type  are  used  for 
practically  all  ordinary  commercial  measurements.  A  current- 
carrying  conductor  establishes  round  itself  a  magnetic  field  (§  32) 
which  can  be  used :  (a)  to  attract  or  displace  a  permanent  magnet 
(as  in  certain  galvanometers,  §  96)  or  a  piece  of  soft  iron  (as  in 
‘moving iron’  instruments,  §  100);  (b)  to  react  with  the  field  of 
a  permanent  magnet  (as  in  ‘moving  coil’  instruments,  §  101  a) 
or  with  the  field  of  a  second  current-carrying  conductor  (as  in 
dynamometer  instruments,  §  101  6);  or  (c),  if  alternating,  to  in¬ 
duce  currents  in  a  second  conductor  and  then  to  react  with  the 
field  of  the  latter  (as  in  induction  instruments,  §  102).  The 
general  principle  employed  is  that  of  attraction  or  repulsion  be¬ 
tween  fixed  and  moving  parts,  one  of  which  is  a  current-carrying 
conductor  (usually  wound  in  the  form  of  a  coil  in  order  to 
multiply  its  effect,  §  42).  The  moving  part — whether  a  permanent 
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magnet,  soft  iron,  or  a  coil  of  wire — tends  to  deflect  against  the 
control  of  a  constant  magnetic  field,  a  spring,  or  the  force  of 
gravity  as  the  case  may  be.  The  deflection  or  the  controlling 
force  required  to  prevent  deflection  of  the  moving  system  is  a 
measure  of  the  quantity  under  investigation.  Polarised  electro¬ 
magnetic  instruments,  i.e.  those  employing  permanent  magnets, 
cannot  be  used  for  A.C.  measurements  (excepting  oscillographs, 

§  118,  and  vibration  galvanometers,  §  96),  but  moving  (soft) 
iron  instruments  and  dynamometer  instruments  can  be  used 
on  A.C.  circuits.  Induction  instruments  cannot  be  used  on  D.C. 
circuits. 

Moving  iron  and  moving  coil  instruments  will  withstand 
much  greater  overload  than  hot-wire  instruments.  The  hot  wire 
of  the  latter  is  necessarily  relatively  thin  and  worked  at  high 
temperature,  and  the  heating  varies  with  the  square  of  the 
current ;  on  overload  the  hot  wire  is  liable  to  be  melted  sooner 
than  a  protective  fuse-wire  in  series  with  it. 

(iv)  Electrostatic . — The  electrostatic  attraction  between  two 
metallic  vanes  connected  between  points  at  different  potential  may 
be  used  to  measure  this  P.D.  The  only  current  flowing  in  the 
instrument  circuit  is  the  extremely  small  charging  current  (§  46) 
required  to  charge  the  condenser  formed  by  the  vanes  of  the 
instrument;  this  may  be  neglected  for  all  practical  purposes. 
Electrostatic  instruments  are  equally  suitable  for  measuring  con¬ 
tinuous  or  alternating  pressures.  They  can  be  used  to  measure 
current  (D.C.  or  A.C.)  indirectly  by  measuring  the  P.D.  across  a 
non-inductive  resistance  traversed  by  the  current  in  question 
(§  107  c) ;  for  economic  reasons,  however,  the  P.D.  across  resistance 
in  the  main  circuit  must  be  kept  low  and  electrostatic  instruments 
are  not  suitable  for  the  measurement  of  small  P.D.’s.  The  prin¬ 
cipal  uses  of  electrostatic  instruments  are  for  pressure  measure¬ 
ments  in  laboratory  work,  and  in  high-tension  circuits  (§  103). 
Electrostatic  instruments  depending  upon  the  repulsion  between 
similarly  charged  vanes  are  used  to  indicate  whether  conductors 
are  ‘live’  (§  104).  In  damp  places  leakage  current  affects  the 
reading  of  any  electrostatic  instrument. 

(v)  Dielectric  Break-down. — The  break-down  of  a  dielectric  is 
determined  by  the  maximum  P.D.  to  which  it  is  subjected  (§  72) 
and  the  length  of  gap  across  which  sparking  occurs  between  suit¬ 
able  electrodes  (§  105)  forms  a  measure  of  crest  voltage  and  hence 
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of  R.M.S.  voltage  if  the  crest  factor  (§  30)  of  the  wave  be  known. 
This  method  is  equally  applicable  to  continuous  and  alternating 
pressures,  but  is  only  suitable  for  extra  high  voltages. 

90.  Control  and  Damping. — In  thermal,  electromagnetic  and 
electrostatic  instruments  a  Reflecting’  force  is  exerted  upon  a 
pivoted  (or  suspended,  etc.)  ‘movement,’  deflection  of  which  is 
resisted  by  gravity,  a  spring,  or  some  other  ‘controlling’  force. 
In  some  types  of  laboratory  instrument  there  is  an  advantage  in 
varying  the  control  (say  by  varying  the  torsion  of  a  spring)  so  as 
to  hold  the  movement  over  a  zero  index  mark.  The  measure  of 
the  control  force  is  then  a  measure  of  the  electrical  quantity 
tending  to  deflect  the  movement.  For  all  practical  purposes  it  is 
much  more  convenient  to  use  a  deflecting  instrument,  the  pointer 
of  which  moves  over  a  calibrated  scale  (§  91)  and  comes  to  rest 
when  the  control  force  is  equal  and  opposite  to  the  deflecting 
force.  If  the  deflecting  force  be  varied  suddenly,  by  a  sudden 
change  in  the  quantity  measured,  the  momentum  of  the  move¬ 
ment  will  tend  to  carry  the  latter  beyond  the  new  position  of 
equilibrium,  i.e.  the  pointer  will  tend  to  overshoot  the  correct 
deflection  and  oscillate  before  coming  to  rest.  This  may  be  pre¬ 
vented  by  applying  a  retarding  force  which  retards  the  motion  of 
the  movement,  but  which  diminishes  as  the  movement  comes  to 
rest  and  is  then  zero.  Such  a  ‘  damping  *  force  is  provided  by 
the  movement  of  a  vane  in  a  dashpot  chamber,  the  walls  of  which 
it  just  clears;  by  the  motion  of  a  vane,  or  the  4  movement  *  itself, 
in  oil;  or  by  the  eddy  currents  induced  in  a  brake  disc  moving 
between  the  poles  of  a  permanent  magnet.  Solid  friction,  such 
as  produced  by  a  brake  band,  may  not  bo  used  for  damping  be¬ 
cause  it  exerts  a  force  when  the  movement  is  stationary  and  thus 
affects  the  deflection. 

A  commercial  instrument  is  said  to  be  ‘  dead  beat  ’  when  the 
oscillations  die  away  rapidly.  If  the  damping  be  increased  till 
there  is  no  overshooting,  the  instrument  is  then  strictly  ‘  aperi¬ 
odic  ’ ;  further  increase  of  damping  makes  the  instrument 
'sluggish,’  i.e.  the  pointer  crawls  slowly  to  the  steady  deflection. 
Oscillographs  must  be  exactly  aperiodic  or  ‘critically  damped,’ 
but  in  ordinary  indicating  instruments  a  slight  degree  of  over¬ 
shooting  is  useful  as  indicating  that  there  is  no  abnormal  friction. 
Recording  instruments  must  be  aperiodic.  Sluggishness  produced 
by  over-damping  is  useful  where  it  is  desired  to  obtain  an  average 


INSTRUMENTS  AND  MEASUREMENTS 


9i 


reading  of  a  quantity  which  is  fluctuating  too  slowly  for  the 
movement  to  take  up  a  mean  position  by  its  own  inertia. 

Gravity-controlled  instruments  must  be  levelled  before  use, 
and,  since  the  control  force  varies  with  the  sine  of  the  angle  of 
deflection  in  this  type,  the  scale  is  cramped  near  the  zero.  Spring- 
controlled  instruments  can  and  should  be  balanced  so  that  they 
can  be  used  without  levelling ;  the  control  exerted  by  the  spring 
varies  uniformly  with  the  deflection  and  this  tends  to  produce  an 
even  scale  (§  91).  On  the  other  hand,  the  spring  can,  if  desired, 
be  ‘  set  up  ’  so  that  the  pointer  does  not  move  until  a  predetermined 
value  of  current,  etc.,  is  reached ;  the  suppressed  portion  of  the 
scale  may  be  as  much  as  0‘7  of  the  maximum  reading,  the  whole 
scale  length  being  then  available  for  the  remaining  0‘3  of  the 
maximum  ( e.g .  the  instrument  might  indicate  70  to  100  V  only). 
Control  springs  are  used  to  carry  current  into  moving  windings. 

Air  vane  damping  is  generally  employed  in  moving  iron  in¬ 
struments,  and  eddy  current  damping  in  hot  wire  instruments, 
moving  coil  instruments,  and  supply  meters.  The  time  taken 
for  the  pointer  of  an  indicating  instrument  to  come  to  rest  should 
not  exceed  (0*4  x  total  length  of  scale,  in  inches)  seconds. 

91.  Scales. — When  the  pointer  of  any  instrument  is  at  rest  at 
any  point  on  its  scale  the  control  force  is  in  equilibrium  with  the 
deflecting  force  on  the  movement  in  the  position  concerned .  By 
varying  the  control  (§  90)  or  the  manner  in  which  the  deflecting 
force  on  the  movement  varies  with  the  position  of  the  latter,  any 
desired  gradation  of  scale  divisions  can  be  obtained  within  a  wide 
range.  For  general  testing  purposes  a  uniformly  divided  scale  is 
desirable,  but  for  switchboard  service  a  scale  which  is  open 
between  the  usual  working  limits  and  contracted  elsewhere 
facilitates  observation.  Though  an  open  scale  contributes  to 
accuracy  of  reading  it  has  no  relation  to  accuracy  of  indication 
(§  92).  The  ‘effective  range'  of  an  ammeter,  voltmeter  or  watt¬ 
meter  scale  is  assumed  to  extend  from  the  maximum  scale  value 
down  to  10  %  of  the  latter  if  the  scale  be  nearly  uniform  and 
down  to  25  %  if  the  scale  be  greatly  contracted  near  zero ;  if  the 
scale  be  partially  suppressed  (§  90)  the  whole  actual  range  is 
effective. 

The  value  of  each  scale  division  should  be  1,  2,  or  5  of  the  units 
measured  or  a  decimal  multiple  or  sub-multiple  of  these  numbers. 
The  ailgle  subtended  by  1  scale  division  should  be  at  least  0*5°  in 
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sub-standard  and  portable  first-grade  instruments  (§  92)  and  at 
least  1°  in  other  instruments;  see  also  B.E.S.A.  Report  No.  89. 

In  order  that  it  may  all  be  visible  at  once,  an  edge-type  scale 
must  not  subtend  more  than  89°.  Until  recently  disc-type 
moving-iron  and  moving- coil  instruments  have  been  built  with 
scales  subtending  about  85°.  By  modifying  the  mechanical 
details  and  placing  the  scale  arc  on  a  ^iameter  of  the  disc  a 
scale  length  equal  to  the  diameter  of  the  instrument  can  be 
obtained,  subtending  about  125°.  In  the  Record  ‘Cirscale’ 
moving-coil  instruments  (§  101a)  the  scale  subtends  300°-330°. 

If  two  instruments  measuring  related  quantities  A,  B,  be 
arranged  so  that  their  pointers  cross  (without  touching)  there  is 
a  definite  position  of  the  pointer  intersection  corresponding  to 
every  pair  of  values  of  A,  B  and  this  position — read  on  a  third 
scale  below  the  crossing  pointers — indicates  the  value  of  any 
quantity  G  which  is  a  definite  function  of  A  and  B.  For  instance 
the  pointer-crossing  of  an  ammeter  and  a  voltmeter  may  be  used 
to  indicate  the  resistance  of  a  D.C.  circuit  (§  17).  Again,  the 
crossing  of  wattmeter  and  ammeter  pointers  indicates  power  factor 
if  the  voltage  he  constant  (§§  56,  109-111);  and  the  crossing  of 
the  pointers  of  two  wattmeters  used  to  measure  power  by  the 
two-wattmeter  method  (§  110)  indicates  the  power  factor  of  a 
three-phase  load.  It  is  not  possible  to  read  the  intersection 
accurately  when  the  pointers  are  nearly  parallel  or  collinear. 
(For  meter  dials,  see  §  113.) 

92.  Instrument  Accuracy  and  Errors.— The  British  Engineer¬ 
ing  Standards  Association  (Report  89)  recognise  three  grades  of 
instruments,  viz.  Sub-standard ,  used  mostly  for  checking  other 
instruments,  and  First  Grade  and  Second  Grade  instruments, 
used  on  switchboards  and  as  portable  instruments  where  the 
higher  grade  of  accuracy  is  not  required.  The  error  *  in  indicating 
voltmeters  of  these  three  grades  should  not  exceed  ±0*2  °/o,  ±  1  °]0 , 
and  ±  2  °/o  respectively.  The  same  limits  may  be  applied  to 
ammeters  of  the  moving  coil,  permanent  magnet  type;  other 
indicating  ammeters  should  not  exceed  ±  0‘5  °/o,  ±  2  °/0>  and 

*  Expressed  as  per  cent,  of  maximum  scale  value  throughout  the  effective 
range  (§  91)  in  the  case  of  sub-standard  instruments.  In  first-  and  second-grade 
instruments  the  error  is  expressed  as  per  cent,  of  indication  from  full  scale  to 
middle  point,  and  as  per  cent,  of  half  the  maximum  scale  value  fronj  middle 
point  to  lower  end  of  effective  range. 
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+  4  °/o.  The  error  in  the  thrcio  grades  of  indicating  wattmeter  at 
unity  power  factor  (§  109)  should  not  exceed  ±  0T>  ±  2*5  7..» 

and  ±  5  °[0.  All  of  these  figures  represent  permissible  maximum 
errors  ;  higher  accuracy  is  obtained  in  present-day  practice. 

Unless  some  useful  purpose  is  served  by  the  higher  .accuracy, 
it  is  inadvisable  to  specify  sub-standard  or  first-grade  instruments 
because  they  art?  necessarily  more  costly  and  delicate.  The  ac¬ 
curacy  of  graphic  recording  instruments  (  §  98)  should  be  between 
that  of  first-  and  that  of  seeond-grade  indicating  instruments.  If 
an  instrument  must,  be  used  with  a  shunt,  instrument  transformer, 
etc.  (§§  107,  JOS),  this  auxiliary  equipment,  should  be  regarded  as 
part  of  the  instrument  for  purjioses  of  calibration. 

Apart  from  constructional  errors  due  to  friction,  incorrect 
calibration,  etc.,  electrical  instruments  are  subject  to  errors 
attributable?  to  variation  in  conditions  or  quantities  other  than 
those  measured.  The  permissible  limits  for  errors  due  to  such 
pauses  may  be  summarised  as  follows  (wr  however  B.K.S. A. 
Reports  89  and  90  for  a  full  statement): 

(i)  Variutionn  in  Air  Tmnj^raturr. re^iatame  of  nipper  inrmcicH  with 
temperature  riso  (§  01)  ho  that  in  voltmeters  ami  nhunted  ammeter,  the  eurrent 
through  tho  instrument  fcerida  t>*  derreana  at  the  ieui|w‘iafcure  rr*»e >.  The  ie*ttiiil 
variation  may  be  reduced  hy  •  swamping  *  the  cupper  with  10  much  metal  <»f  */or*» 
tomperaturo  rncfhriunt  of  remntann  (r.r/.  iminganii*)  an  may  ho  rontierted  in  Urn 
circuit.  In  routing  meters  where  «ddy  current  braking  m  employed,  th«  iftercAttad 
roHintanen  of  the  copper  or  Aluminium  brake  due  at.  higher  temjH*mf.ur<w  rertm  uH 
the  braking  torque.  Temperature  variation  !  affect  more  nr  hew  the  strength  of 
control  springs.  The  net  effect  of  temperature  change  !  varies  widely  in  different 
instrument*,  but  should  always  be  considered. 

The  pmrentage  change  in  indication  nhould  not  expend  4  O  f  /,  4  fpo  /  , 
and  ±  0-4  per  l  C.  ehange  m  air  temperature,  for  uub  standard,  iir«t,  and 
second  grade  indieating  voltmeter*  and  ammeUirH  respectively.  Fur  indicating 
wattmeters  the  eorreHponding  limit*  are  +  O’J  'sjut  4  tpst  '*/  #  and  4  (H  /, , 

(ii)  External  Mncjnxtw  Full*,  lu  so  far  an  external  magnetic  fbdd*  affect 
appreciably  Uie  working  magnetic  field  of  the  instrument,  they  are  a  potential 
source  of  error.  In  many  raw*  error  due  h#  external  magnefie  fj.qd  ran  fa* 
eliminated  by  using  the  minin'  prmr i/dr,  i.g,  duplicating  the  imirnuienl  on  a 
common  spindle.  and  arranging  the  funtminmn  ho  that  the  ^rque, tU  one  Hem.mt 
is  incraasi'd  and  on  Uie  other  dcrrcj»a»<d  by  the  ainty  held. 

The  variation  in  maximum  indication  of  indicating  or  recording  amiucfe  r 
or  voltmeter  for  permanent  installation  should  m.tex  eed  \  7<t  nf  that  indication 
when  the  instrument  n  exceed  in  a  magnetic  fHd  of  in  g**,^  { }  pq  1 
direction  producing  maximum  mn r;  in  Ad*,  instruments  *}«.,  dritnrUng  k«  Id 
must  bn  alternating  and  in  phuno  with  Unt*  in  the  <  oil  of  the  iiideato?,  mm|. 
standard  and  portable  ft  rat  grade  in  drunienhi  Je.uM  h**ar  a  aian-ment  >4  jq,,, 
cautions  rcrpiirud  with  regard  to  dray  fields 

in 
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(iii)  Variations  in  Frequency . — Between  25  and  100  cycles  per  sec.  inclusive 
the  variation  in  indication  of  any  A.C.  instrument  (excepting  frequency  meters) 
throughout  its  effective  range  (§  91)  should  not  exceed:  For  indicating  sub¬ 
standard  instruments  ±  0*25  °/0  of  the  indication,  for  50  °/0  variation  in  frequency ; 
for  first-grade  instruments  +  1  0/o  and  for  second-grade  instruments  ±  2*5  %  of 
the  indication  for  5  °/Q  variation  in  frequency.  (In  multirange  instruments  with 
lowest  volt  range  below  110  V  these  limits  may  be  doubled.)  The  corresponding 
limit  for  recording  instruments  is  ±  2  °/Q  of  the  indication  for  5  °/0  variation  in 
frequency. 

(iv)  Power  Factor. — The  variation  in  indication  of  a  wattmeter  throughout 
the  effective  range  (§  91)  for  variation  in  P.F.  of  load  from  1*0  to  0*5  should  not 
exceed  ±0*5  °/Q,  ±  2  °/0,  or  ±  4  °/Q  for  indicating  sub-standard,  first- and  second- 
grade  instruments  respectively,  and  ±  3  °/Q  for  recording  wattmeters. 

93.  Recording  Instruments. — A  graphic  recording  instru¬ 
ment  is  essentially  an  indicating  instrument,  all  the  movements  of 
the  pointer  of  which  are  recorded  on  paper,  either  by  the  pointer 
itself  being  used  as  a  pen  or  by  its  being  used  as  a  type-bar  as 
explained  below.  The  paper  is  calibrated,  in  one  direction  by 
divisions  equal  to  those  of  the  instrument  scale  and  in  the  other 
direction  by  equally  spaced  divisions  which  form  a  measure  of  time. 
The  chart  may  be  circular  and  rotated  once  in  24  hrs.  (or  other 
convenient  time)  or  it  may  be  in  the  form  of  a  long  band  which  is 
wound  from  one  drum  to  another  at  a  speed  of  say  1  in.  per  hr. 
(up  to  1  in.  per  sec.  if  required).  The  chart  is  generally  driven  by 
clockwork  and  the  error  in  its  driving  should  not  exceed  5  min.  in 
24  hrs.  (about  0*35  %)• 

In  most  cases  the  pointer  is  used  as  a  pen.  The  displacements 
proportional  to  the  quantity  measured  are  then  along  the  arc  of  a 
circle  of  radius  equal  to  the  length  of  the  pointer.  The  chart 
movement  (proportional  to  time)  is  linear  in  the  band-type  but 
angular  in  the  disc-type  of  record ;  the  latter  type  in  particular  is 
difficult  to  interpret  because  the  time  interval  which  corresponds 
to  1  in.  circumferential  displacement  of  the  chart  at  2-in.  radius, 
is  represented  by  2  ins.  at  4-in.  radius,  and  so  on.  Yarious 
methods  are  available  by  which  a  pointer,  turning  as  usual  about 
a  centre,  can  be  made  to  record  its  position  with  regard  to  a  fixed 
straight  line  perpendicular  to  the  line  of  advance  of  the  paper. 
The  curve  thus  traced  has  rectangular  axes  of  co-ordinates.  In 
one  system  the  pointer  normally  swings  clear  of  the  paper,  and  an 
inked  ribbon  is  placed  between  the  two.  At  predetermined 
intervals  an  electromagnetic  device  presses  the  pointer  on  to  the 
ribbon  and  thus  records  the  deflection  by  a  dot  Qn  the  paper. 
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The  record  obtained  is  as  good  as  a  continuous  record  for  most 
practical  purposes,  with  the  important  advantage  that  the  instru¬ 
ment  is  free  from  the  friction  which  exists  between  pen  and  paper 
in  a  pen-recorder.  Also,  by  using  a  polychrome  ribbon  or  a 
printing  wheel  bearing  different  numbers,  distinctive  records  for  a 
number  of  circuits  can  be  made  on  a  single  chart. 

Supply  meters  which  record  ampere-hours,  watt-hours,  etc.,  on 
a  counting  train  or  otherwise  (§§  113-116)  are  recording  instru¬ 
ments,  but  this  term  is  generally  used  to  denote  graphic  recorders. 

94.  Power  and  Power  Consumption  of  Instruments. — The 
ratio  of  torque  for  full-scale  deflection  to  weight  of  moving  system 
is  a  convenient  measure  of  the  mechanical  power  of  an  instrument. 
This  ratio  should  be  reasonably  high  in  order  that  the  effect  of 
pivot  friction  may  be  negligible,  but  an  unduly  high  torque : 
weight  ratio  may  be  obtained  at  the  cost  of  high  expenditure  of 
electrical  energy  in  the  instrument  or  of  cutting  down  the  weight 
of  the  movement  below  the  limit  of  reasonable  mechanical  strength. 
The  torque  of  indicating  instruments  should  be  not  less  than 
0*05  cm.-grm.  per  grm.  weight  of  moving  system  in  portable 
instruments,  and  not  less  than  0T5  cm.-grm.  per  grm.  in  switch¬ 
board  instruments.  In  recording  instruments  pen  friction  is  much 
greater  than  pivot  friction  and,  according  to  Edgcumbe,*  the  ratio 
Torque  for  full  deflection  (cm.-grm.)  /  (Chart  width  (cm.) 

x  Pen  arm  length  (cm.)) 

should  be  at  least  0*05  and  preferably  0T  or  higher. 

Table  8,  based  on  a  more  detailed  one  by  Edgcumbe  ( loc .  cit .), 
shows  typical  values  of  volt-amperes  for  full-scale  deflection  of 
switchboard  indicating  instruments.  Graphic  recording  instru¬ 
ments  generally  consume  from  2  to  3  times  the  power  required  by 
the  corresponding  indicating  instruments. 

Energy  dissipated  in  the  instrument  itself  may  produce  error 
by  the  heating  which  it  causes  (§  92).  Again,  the  volt-ampere 
load  which  may  be  placed  on  the  secondary  of  an  instrument 
transformer  is  strictly  limited  (§  108).  Not  all  the  power  ex¬ 
penditure  involved  by  an  instrument  may  be  expended  in  the 
indicator  itself ;  for  instance,  a  shunted  D.C.  ammeter  in  a  500  A 
circuit  involves,  at  0*075  V  maximum  shunt  P.D.  (§  107),  a  power 
loss  of  500  x  0*  075  =  37*5  W,  but  if  0*05  A  goes  through  the 


*  Industrial  Electrical  Measuring  Instruments  (Constable),  p.  341. 
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instrument  and  499*95  A  through,  the  shunt,  the  power  expended 
in  the  instrument  (including  its  leads)  is 

0*05  x  0*  075  =  0-003  75  W. 


Table  8. — Volt-Amperes  for  Full-Scale  Deflection  of  Indicat¬ 
ing  Instruments  ( Switchboard  Types). 


Type  of  Instrument. 

Ammeter. 

Voltmeter. 

Indicating  Ammeters,  and  Voltmeters  : — 
•Moving  iron,  6"  or  8"  dial 

2  to  4 

5  to  10 

,,  „  large  sector  or  edgewise  . 

Moving-coil  (permanent  magnet)  all  sizes 

4  to  8 

10  to  20 

Amps.  x0'05  to  0*1 

Volts  x  0-01  to  0'03 

Dynamometer,  6"  or  8"  dial  . 

Amps.  x0'4  to  1*5 

Volts  X  0*05  to  on 

Hot  wire,  6"  or  8"  dial  .... 

Amps,  x  0’2  to  0*4 

Volts  x  0*1  to  0*2 

Induction,  6"  or  8"  dial .... 

3  to  7 

10  to  20 

Indicating  Wattmeters  : — 

Current  circuit 

Pressure  circuit 

Induction . 

2  to  4 

5  to  8 

Dynamometer . 

4  to  6 

Volts  x  0-01  to  0-05 

95.  Standard  Measurements ;  the  Potentiometer.  —  For 

ordinary  current  and  pressure  measurements  of  high  accuracy, 
the  instrument  known  as  the  potentiometer  is  generally  used,  in 
conjunction  with  standard  resistances  (§  20),  standard  pressure- 
reducing  coils,  and  standard  cells  (§  128).  The  principle  of  this 
instrument  is  as  follows :  A  wire  of  very  uniform  size  is  divided 
up  into  a  number  of  lengths  of  exactly  equal  resistance,  all  in 
series,  of  which  one  length  called  the  slide  wire  is  stretched  over 
a  calibrated  scale  divided  into  1  000  parts.  A  steady  current 
from  a  secondary  battery  traverses  the  whole  wire,  and  this 
current  is  adjusted  by  means  of  resistance  coils  until  there  is  a 
fall  of  potential  of  exactly  of  a  volt  over  the  slide  wire  and 
each  of  the  other  corresponding  lengths.  This  is  secured  by 
.putting  the  E.M.F.  of  a  standard  cell  (§  128)  in1  opposition  to  th( 
fall  of  potential  on  the  slide  wire,  over  a  length  of  the  latte] 
nominally  equivalent  to  the  pressure  of  the  standard  cell,  and  ad 
justing  the  resistance  in  circuit  with  the  secondary  cells  until  i 
galvanometer  shows  that  the  two  opposing  pressures  are  actually 
balanced.  The  instrument  being  thus  calibrated  ready  for  use 
the  standard  cell  is  disconnected.  Utilising  the  principle  o 
Ohm’s  Law,  if  the  current  to  be  measured  is  made  to  pass  througl 
a  known  standard  resistance  (§  29),  the  drop  in  pressure  thereii 
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Tlio  sc.*t  comprises  a  Crompton  potentiometer ;  a  reflect ing  galvanometer, 
lamp,  stand,  and  scale;  standard  cells  ;  accumulator  cells  ;  a  v«dt,  ho\  <»{  uitalde 
range  for  the  pressures  to  be  measured;  a  series  of  standard  re.istaneou  foM.he 
range  of  currents  to  be  measured;  and  a  few  accessories  for  special  t>  .t  .  'I  he 
internal  connections  of  the  potentiometer  are  shown  in  Fig.  CU. 
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Tins  ‘Unipivot.  ’  galvanometer  used  in  this  set  eliminates  t rouble some  adjust- 
ment  and  accurate  levelling.  It-  makes  possible  the  measurement  of  pressure* 
from  0*  000  L  to  000  V;  insulation  resistances  from  ‘JO  (XX)  ohm  *  to  I  (XX)  megohm** 
at  f»(X)  V  ;  currents  from  1  fi A  to  1  JO  A  (or  any  value  with  external  shunt)  ;  and 
resistances  from  10  microhms  to  10  ohms,  or,  with  Wheatstone  bridge,  up  to 
1  100  (XX)  ohms.  The  set  comprises  a  micro-ammeter,  a  universal  shunt,  series 
resistance  coils,  selecting  and  reversing  switches,  and  standard  shunts.  Its  uses- 
include  checking  meters;  measuring  voltage,  current,  and  power;  measuring  low 
or  high  resistances  ;  and  locating  faults. 

[To  fn*  •'  t>,  II U. 
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will  be  a  measure  of  the  current;  thin  drop  in  pressure  is  thou 
determined  by  indirect  comparison  with  the.  pressure  of  a  standard 
cell  on  the  slide  wire  of  the  instrument.  The  two  pressures  arc 
made  to  oppose  each  other  ami  exactly  balanced,  when  the  galva¬ 
nometer  will  show  no  deflexion.  The  standard  resistances  are 
designed  generally  so  as  to  j'ive  direct  readings  on  the  instrument, 
so  that  a  current  of  1,  10,  100,  or  I  000  A  allows  in  each  case  a 
drop  of  potential  of  jV,  volt  in  the*  standard  resistance,  this  bein# 
also  the.  drop  of  j>otential  in  each  section  of  Urn  potentiometer. 
The  actual  resistance  is  a  trifle  more  than  is  required  ;  auxiliary 
terminals  are  then  fixed  a  short  way  from  the  main  terminals,  so 
that  the  resistance,  between  them  is  exactly  the  required  sub- 
multiple.  The  usual  values  are  0*  00  L  12  to  carry  I  500  A  ; 
0*01  12  to  carry  150  A  ;  0*1  12  to  carry  15  A  ;  with  a  drop  of  1*5  V 


Km.  ISa.  —  Internal  connections  of  Crompton  jr»tmitiomcter  (set*  also  Plato  opp.). 


over  the  whole  instrument  consisting  of  fourteen  equal  coils  and 
the  slide  wire.  The  larger  sizes  often  consist  of  water-cooled 
inang&niu  tubes,  as  clean  tap-water  led  in  by  a  rubber  tube  docs 
not  affect  the  resistance. 

In  Fig.  IHa  ab  is  the  nlid©  wire;  c,  thii  wit  of  equal  potentiometer  ooiln  in 
H*;rioK  with  it ;  d,  the  double  polo  Hwitoh  connecting  the  nix  pair#  of  terminal#  A  *hr 
in  succ.tiMMioti  to  the  slide  coxi'.&nt*  ;  r,  /  are  the  reactance  w»iln  and  rheostat  rewpoc- 
ttvdy;  and  (*  in  the  galvanometer  key.  AH  tin?  moving  contact#  are  under  glows 
and  the  coil#  and  the  neale  wire  are  innido  the  box.  Tho  pair  of  terminal#  A  I# 
aligned  jw-rmanuntiy  to  thentamlard  t  ell  in  order  to  prevent  emif  union  in  working. 
Kino  fuw'H  are  inserted  at  all  the  terminal#  except  tirnno  lor  tho  galvanometer  to 
nave  the  ioHtrument  roil#  if?  cane  of  accidental  oonneetidh  to  high  voltage.  The 
two  terminal#  to  thn  right  of  tin?  potentiometer  coil  nwitch,  c,  era  uikk!  in  tenting 
the  equality  of  the  Mtrk«  of  jiofcmitioirieter  coils.  The  re#  internee  of  thn  scale  wire 
between  0  and  100  in  tint  haiiio  a h  that  of  each  potentiometer  coil,  but  the  »calo  i« 
extended  to  106  m  that  reading#  can  la?  taken  a  little  beyond  the  1(X)  mark  without 
having  to  move  the  potentiometer  coil  awitch. 

115 


§  95  ELECTRICAL  ENGINEERING  PRACTICE 

Many  forms  of  potentiometer  are  on  the  market  Jo  meet  the 
needs  of  various  classes  of  commercial  testing  work.  In  all  these 
forms  as  much  use  as  possible  is  made  of  direct-reading  switch 
dials  and  arms.  The  slide  wire  itself  may  be  mounted  on  a  marble 
cylinder  and  traversed  by  a  rotating  contact  arm  which  carries  a 
direct  indicating  scale.  In  one  form  of  potentiometer,  the  slide 
wire  is  entirely  eliminated  by  a  suitable  arrangement  of  high  re¬ 
sistance  coils  and  dial  switches.  In  yet  another  form  a  reasonably 
close  ‘  balance  5  is  obtained  in  the  manner  described  above,  and 
the  deflection  on  the  specially  graduated  galvanometer  scale  then 
indicates  what  must  be  added  to  the  switch  readings  to  obtain 
the  unknown  P.D.  With  this  deflection- type  of  potentiometer, 
direct  readings  are  generally  obtainable  to  0*  001  Y ;  null-  or 
balance-type  potentiometers  for  commercial  work  generally  give 
direct  readings  to  0*  000 1 V  (or  to  0*  000  01  V  on  reduced  range) ; 
and  special  precision  instruments  permit  readings  to  be  taken,  by 
estimation  between  direct  readings,  to  within  1  microvolt,  i.e. 
one-millionth  of  a  volt. 

When  a  pressure  is  to  be  determined  a  definite  proportion  of 
that  pressure  (obtained  from  a  standardised  pressure -reducing 
coil,  potential  divider,  or  ‘  volt  box  ’)  is  similarly  compared  with 
the  pressure  of  the  standard  cell.  The  volt  box  consists  simply 
of  a  large  coil  of  fine  wire,  wound  non-iuductively  ( §  35  end),  the 
terminals  of  which  are  connected  across  the  full  pressure  to  be 
measured  As  shown  in  §  24,  there  will  be  an  even  potential 
gradient  along  this  wire  ;  and  secondary  terminals  are  connected 
at  intermediate  points  to  give  exact  sub-multiples  of  the  total 
pressure.*  The  terminals  used  in  any  case  are  selected  so  as  to 


*The  principle  that  the  P.D.  across  any  fraction  of  a  volt  box  is  the  same 
fraction  of  the  total  P.D.  across  the  latter,  holds  good  only  if  no  current  flows 
through  the  shunt  circuit  (§  107)  between  the  points  tapped.  For  example,  the 
current  flowing  through  a  100  Cl  volt  hox  connected  across  100  V  supply  will  be 
1  A  (§  17)  and  the  P.D.  across  in  of  the  box  will  be  100  V  x  1  Cl  f  100  a  =1  V 
(§  24).  If  this  P.D.  be  measured  by  an  electrostatic  instrument  (which  passes  no 
current,  §§  89,  103)  or  by  a  potentiometer  (which  is  adjusted  to  balance  the  P.D. 
between  the  points  of  measurement,  and  then  neither  adds  to  nor  subtracts  from 
the  current  in  the  volt  hox),  it  will  be  found  to  be  1 V.  If,  however,  1  A  of  the 
volt  box  between  two  points  AB  be  shunted  by  a  measuring  instrument  of  1  A 
resistance,  the  effective  resistance  between  A  and  B  is  halved,  and  the  total  re¬ 
sistance  of  the  volt-box  circuit  is  reduced  to  99£  fl.  The  current  through  the 
volt  box  is  then  100  [  99 £  =  1*  005  A  and  the  P.D.  between  the  points  AB  is 
1*  005  x  0*5  =s  0*  502  5  V  instead  of  the  original  1  V.  Thus  a  volt  box  provides 
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give  an  actual  pressure  of  1*5  V  or  less.  Thus,  for  measuring  a 
pressure  of  1  000  V,  a  volt  box  of  100  000  fl  could  be  used ;  then 
the  fall  over  100  fl  of  this  would  be  one-thousandth  of  the  total, 
or  1  Y  only,  which  would  be  carried  to  the  potentiometer. 

When  a  resistance  is  to  be  measured  a  current  of  suitable 
amperage  is  passed  through  it,  and  the  values  of  this  current  and 
the  resulting  drop  of  pressure  in  the  resistance  are  measured  as 
explained ;  then  B  =  E  f  I.  Considerable  trouble  is  often  ex¬ 
perienced,  especially  in  damp  climates,  owing  to  leakage  from  one 
circuit  to  another  over  the  ebonite  insulation,  which  is  affected 
both  by  light  and  moisture  in  the  air  (§  74,  IV  ( d ));  this  leakage 
may  be  quite  appreciable  in  comparison  with  the  currents  in  the 
instrument. 

The  Drysdale  A.C.  potentiometer  is  designed  for  A.C. 
measurements,  including  the  magnitude  and  phase  of  alternating 
P.D.  The  basic  principles  employed  are  the  same  as  in  the  D.C. 
potentiometer ;  for  a  detailed  description  of  the  instrument  see 
Electrician ,  Vol.  75,  p.  157  ;  Vol.  77,  p.  857. 

96.  Galvanometers. — The  name  galvanometer  is  applied  to  a 
variety  of  instruments,  the  purpose  of  which  is  to  detect  weak 
currents.  The  relation  between  deflection  and  current  strength 
varies  with  the  mechanical  and  electrical  characteristics  of  the 
instrument  and  its  circuit,  but  if  the  ‘  law  ’  of  the  instrument  be 
known  quantitative  measurements  of  current,  P.D.,  resistance, 
etc.,  can  be  made. 

(i)  Fixed  Coil  Galvanometers. — The  current  to  be  measured 
is  passed  through  a  fixed  coil  the  field  of  which  deflects  a  per¬ 
manent  magnet  against  the  torsion  of  a  suspending  fibre  or 
against  the  control  exerted  by  the  earth’s  magnetic  field.  If  the 
magnet  be  attached  to  the  back  of  a  small  mirror  its  deflection  is 
greatly  magnified  by  the  movement  over  a  distant  scale  of  a  spot 
of  light  reflected  by  the  mirror. 

In  the  tangent  galvanometer  a  horizontal  magnetic  needle 
carried  by  a  vertical  pivot  is  placed  at  the  centre  of  a  circular  coil 
the  plane  of  which  is  vertical  and  coincident  with  the  direction  of 
the  earth's  field.  When  current  passes  round  the  coil  the  needle 
is  deflected  through  an  angle  9  and  the  current  in  amperes  = 
K  tan  9,  where  K  is  the  ‘  constant'  of  the  galvanometer.  If  the 

uniform  potential  gradient  only  so  long  as  no  current  is  shunted  from  (or  added 
to)  part  of  the  volt  box.  See  also  §  107  (e). 
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coil  be  turned  about  a  vertical  axis  in  the  same  direction  as  the 
deflection  of  the  needle  it  will  overtake  the  latter,  and  if  the  angle 
through  which  the  coil  has  been  turned  is  a ,  when  its  plane  is 
again  coincident  with  the  needle,  the  value  of  the  current  is 
Kl .  sin  a,  K 1  being  a  different  ‘  constant.  ’ 

The  linesman’ s  detector,  used  principally  for  indicating  current 
when  identifying  or  testing  the  continuity  of  circuits  (Chapter  40), 
has  a  pivoted  magnetic  needle  which  is  deflected  when  current 
flows  through  an  adjacent  fixed  coil.  Two  windings  are  generally 
provided,  one  of  many  turns  of  fine  wire  and  about  100  H  re¬ 
sistance  for  currents  of  a  few  milliamperes,  and  one  of  a  few 
turns  of  thick  wire  (about  0‘2  fl)  for  heavy  currents — up  to  150  A 
if  the  coil  be  shunted  (§  107).  This  instrument  may  be  used  for 
rough  comparisons  of  currents,  hut  a  testing  set  (§  106)  should 
preferably  be  used. 

(ii)  Moving-Coil  Galvanometers. — The  D’Arsonval  galvano¬ 
meter  is  the  prototype  of  moving  coil,  permanent  magnet  volt¬ 
meters,  and  ammeters  (§  101)  from  which  it  differs  only  in  having 
a  fibre  suspension  instead  of  pivots  for  the  moving  coil  and  a  re¬ 
flecting  mirror  instead  of  a  pointer  to  magnify  the  deflection. 
By  eliminating  the  soft  iron  core  inside  the  moving  coil,  replacing 
the  latter  by  a  single  conductor  of  silvered  glass  or  quartz,  and 
reducing  to  a  minimum  the  length  of  air  gap,  we  arrive  at  the 
Einthoven  string  galvanometer .  When  current  passes  througl 
the  ‘  string  ’  the  latter  is  deflected  (§  33) ;  the  deflection  is  magni¬ 
fied  by  a  microscope  and  recorded  photographically.  A  smal 
fraction  of  one-millionth  of  an  ampere  can  be  measured.  Re¬ 
placing  the  magnetic  poles  by  plate  electrodes  at  known  potential 
and  the  current  carrying  fibre  by  a  fibre  connected  to  a  source  o: 
potential  under  investigation,  the  instrument  becomes  the  strinc 
electrometer . 

An  ordinary  moving- coil  galvanometer  is  essentially  a  D.O 
instrument  (§  89,  cu),  but  if  provision  be  made  to  vary  the  tensioj 
of  the  suspension,  the  natural  frequency  of  the  moving  systen 
can  be  made  to  coincide  with  the  frequency  of  alternating  curren 
used  in  A.O.  bridge  measurements  (§  120),  etc.  Thus  arrangec 
the  instrument  is  a  vibration  galvanometer.  Its  coil  vibrates  i] 
resonance  (§47)  when  traversed  by  A.C.  of  the  frequency  fo 
which  it  is  adjusted,  and  when  the  band  of  light,  so  produced  on  it 
scale,  is  reduced  to  a  steady  spot  it  is  known  that  no  current  \ 
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flowing  through  the  instrument,  i.e.  balance  has  been  obtained,  in 
the  case  of  a  bridge  measurement. 

(iii)  Ballistic  Galvanometers . — Either  a  moving  needle  or  a 
moving-coil  galvanometer  may  be  used  ballistically  if  its  damping 
(§  90)  be  small,  and  its  time  of  vibration  not  less  than,  say,  10 
secs.  The  principle  used  is  that  when  the  whole  of  a  transitory 
current  flows  through  the  galvanometer  before  the  moving  system 
has  time  to  move  appreciably,  the  subsequent  deflection  depends 
upon  the  quantity  (§  28)  of  current  which  has  passed.  The  in¬ 
strument  must  be  calibrated  experimentally  and  its  principal  use 
is  in  determining  magnetic  flux  or  flux  density  by  measuring  the 
quantity  of  electricity  induced  in  a  ‘  search  coil  ’  when  the  latter  is 
rotated  in  or  withdrawn  from  the  field  in  question  (§§  36,  121). 

97.  Commercial  Measurements.— For  the  ordinary  measure¬ 
ments  of  commercial  electric  supply  an  accuracy  of  1  or  20/0 
is  generally  quite  sufficient  (§  92),  and  self-contained  instruments 
are  employed. 

For  the  measurement  of  current  and  pressure  *  ammeters  ’  and  *  voltmeters  * 
are  used  respectively  (§  98).  These  may  be  either  plain,  indicating-dial  instru¬ 
ments,  showing  the  reading  at  any  particular  instant,  or  recorders,  marking  the 
current  or  pressure  continuously  on  a  revolving  chart,  divided  up  into  hours  (§  93). 

For  measuring  low  or  medium  resistance  the  4  Wheatstone  bridge  ’  (§  120)  in 
one  form  or  another  is  ordinarily  used,  while  for  very  high  resistances  (especially 
insulation  resistances)  ohmmeters  calibrated  to  read  direct  in  megohms  are 
employed,  each  instrument  having  its  own  magneto-generator  for  supplying  the 
testing  current  (§  119). 

For  measuring  ampere-hours  integrating  ‘  ampere-hour  meters  ’  are  used, 
having  a  clock  mechanism  and  a  train  of  dial  wheels,  in  conjunction  with  current¬ 
measuring  coils  (§  114).  Electrolytic  meters  are  also  used  for  this  purpose  (§§  28, 
114). 

4  Watt-meters  *  (§  109)  contain  a  pressure-measuring  coil  and  a  current¬ 
measuring  coil,  so  arranged  with  regard  to  one  another  that  the  indicating  needle 
shows  the  product  in  watts.  They  may  either  indicate  the  power  at  the  moment 
or  record  it  continuously  on  a  chart  marked  out  in  hours. 

Watt-hour  meters  (§  115)  integrate  the  total  work  and  record  the  result  on  a 
series  of  dials.  Usually  they  are  calibrated  directly  in  Board  of  Trade  units  (kWh). 
The  term  ‘meter,’  as  ordinarily  used,  includes  this  class  of  meter,  as  used  to 
measure  the  value  of  the  electric  supply  to  buildings  (§  270) — corresponding,  ex¬ 
cept  for  its  greater  accuracy,  to  the  gas  meter — as  well  as  ampere-hour  meters 
(§  H4). 

Other  instruments  used  for  commercial  measurements  are  dealt  with  in 
§§  111-123  inclusive.  (See  also  index.) 

98.  Ammeters  and  Voltmeters. — Since  the  current  flowing 
through  a  non-inductive  resistance  is  proportional  to  the  P.D. 
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across  the  latter  (§  17)  it  follows  that  any  current-measuring 
instrument  can  also  be  used  to  measure  voltage.  The  only  dis¬ 
tinction  between  the  two  cases  is  that  a  voltage-measuring  instru¬ 
ment  for  connection  between  two  poles  or  phases  of  supply  must 
be  of  high  resistance  to  limit  the  current  flowing  and  so  restrict 
the  expenditure  of  power  within  the  instrument  (§  94),  whilst 
any  instrument  used  to  measure  the  current  flow  in  supply  con¬ 
ductors  must  be  of  low  resistance  in  order  to  reduce  the  PR 
losses  (§  49)  in  the  instrument  if  the  latter  is  connected  in  series 
with  the  main  circuit  or  in  order  that  it  may  be  operated  by  a 
low-PJD.,  low-loss  shunt  (§  107a).  The  high  resistance  of  the 
voltmeter  may  be  secured  by  connecting  a  suitable  resistance  in 
series  with  it,  the  instrument  proper  being  identical  with  an  am¬ 
meter  except  as  regards  the  marking  of  the  scale.  By  varying 
the  resistance  in  series  with  the  instrument,  the  range  may  be 
altered  (§  101  d). 

Thus,  theoretically,  any  ammeter  can  be  used  as  a  voltmeter 
and  vice  versa.  In  practice,  the  matter  is  not  quite  so  simple. 
For  permanent  installations  the  instrument  must  be  calibrated  to 
read  directly  in  amperes  or  volts,  as  the  case  may  be,  and  might 
as  well  embody  any  modifications  in  construction  which  render  it 
more  suitable  for  the  purpose  it  is  to  serve.  Electrostatic  instru¬ 
ments  are  not  convenient  or  economical  for  current  measurements 
(§  89  iv).  Hot  wire  instruments  are  generally  shunted  when 
used  for  current  measurements  (§  99),  and  a  shunted  ammeter  can 
be  designed  for  the  same  small  operating  current  which  is  alone 
economically  permissible  in  a  circuit  connected  across  the  mains. 
In  other  words,  a  shunted  hot-wire  ammeter  may  be  identical 
with  a  hot-wire  voltmeter,  but  when  used  for  voltage  measure¬ 
ment  it  must  be  connected  in  series  with  a  suitable  resistance 
{see  Ex.  §  107 d).  For  the  same  reasons,  a  shunted  moving-coil 
permanent  magnet  ammeter  can  be  used  as  a  voltmeter  without 
change  of  winding  {see  Ex,  loc.  cit ;  also  §  106).  Conditions 
are  different  where  moving  iron  instruments  are  concerned.  In 
ammeters  of  this  type  the  main  current  (up  to  500  or  600  A)  is 
generally  passed  through  the  instrument  winding  which  is  there¬ 
fore-  a  few  turns  of  thick  wire  providing,  say,  500  ampere-turns 
(§  42).  An  equal  number  of  ampere-turns  is  needed  to  operate  a 
moving-iron  voltmeter,  but  the  current  being  small  (to  keep  the 
power  consumption  low),  the  number  of  turns  must  be  high.  By 
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using  many  turns  of  finfe  wire  the  requisite  ampere-turns  are  ob¬ 
tained,  but  if  the  instrument  is  to  be  used  in  A.C.  circuits,  non- 
inductive  resistance  must  still  be  connected  in  series  with  the 
instrument  in  order  that  the  net  inductance  of  the  circuit  may  be 
low  (§§  44, 100).  Thus,  for  practical  reasons,  there  are  consider¬ 
able  differences  between  the  constructions  of  moving-iron  am¬ 
meters  and  voltmeters.  In  a  moving-coil  ammeter  or  voltmeter 
there  need  be  only  0*3  to  1  ampere-turn  which  can  be  provided 
by  the  same  winding  and  an  equally  small  current  in  both  cases. 

In  A.C.  circuits  it  is  generally  the  RM.S.  value  of  current  or 
voltage  which  is  to  be  measured  (§  29),  hence  not  every  type 
of  instrument  can  be  used  (§  89).  For  special  purposes  crest 
voltage  (§§  30,  105)  must  be  measured,  or  the  complete  wave  of 
current,  or  voltage  must  be  traced  (§  118).  An  ammeter  should 
be  used  in  every  important  circuit;  the  current  consumption 
alone  is  sufficient  general  indication  of  power  consumption  if  the 
voltage  be  constant  (as  it  generally  is),  and  in  A.C.  circuits,  if  the 
power  factor  be  reasonably  constant  (see  also  §§  110,  114).  The 
use  of  shunts  and  instrument  transformers  is  discussed  in  §§  107, 
108. 

99.  Hot-wire  Ammeters  and  Voltmeters. — The  expansion  of 
a  fine  wire  due  to  heat  developed  by  the  current  to  be  measured 
(§§89  ii,  98)  is  used  to  move  an  indicating  pointer.  Instead  of 
measuring  the  actual  expansion,  the  sag  of  the  hot-wire  (which  is 
much  greater  than  the  expansion  which  causes  it)  is  magnified 
by  the  yet  greater  sag  in  a  tie  wire  between  a  fixed  point  and  the 
centre  of  the  hot  wire.  The  latter  is  necessarily  very  fine  and  is 
easily  burnt  out;  the  principal  use  of  the  instrument  is  in  the 
test  room.  Hot-wire  instruments  are  unaffected  by  stray  fields 
and  can  be  used  for  either  D.C.  or  A.C.  of  any  frequency  or 
wave  form.  The  zero  is  liable  to  4  creep  ’ ;  temperature  errors 
may  be  serious  ;  and  the  P.D.  across  the  instrument  or  its  shunt 
must  be  at  least  0*2  V,  i.e.  the  power  loss  in  a  hot-wire  ammeter 
is  about  three  times  that  in  a  moving-coil  instrument  (Table  8, 
§  94). 

The  Duddell  thermo-ammeter  is  a  combined  thermal  and 
electromagnetic  instrument  especially  suitable  for  measuring 
currents  from  a  few  amperes  down  to  a  few  milliamperes  at  high' 
frequencies.  The  current  to  be  measured  is  passed  through  a 
heating  element  of  wire  or  platinised  mica  which  is  mounted  below 
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a-bismuth-antimony  thermo-couple  (§  122)  connected  in  the  circuit 
.of  a  low  resistance  moving  coil,  permanent  magnet  instrument 
(•§  101).  This  instrument  combines  independence  of  wave  form 
and  frequency  with  the  high  sensitivity  obtainable  by  using 
a  powerful  permanent  magnet,  whilst  avoiding  the  mechanical 
-  difficulties  of  the  ordinary  hot-wire  instrument  {see  also  §  118). 

ioo.  Moving  Iron  Ammeters  and  Voltmeters. — The  differ¬ 
ences  between  ammeters  and  voltmeters  of  this  type  are  noted  in 
.  -§-•98.  The  general  principle  of  both  instruments  is  the  same.  A 
suitably  shaped  piece  of  soft  iron  is  drawn  into  a  coil  through 
which  is  passed  the  current  to  be  measured  ;  or  the  iron  may  be 
moved  from  a  weaker  to  a  stronger  part  of  the  field  so  produced  ; 
or  the  moving  iron  may  be  repelled  from  a  stationary  piece  of 
iron  magnetised  by  the  same  field.  In  any  case  the  moving  iron 
is  attached  to  the  spindle  carrying  the  pointer,  and  its  movement 
takes  place  \against  the  control  of  a  spring  or  gravity  (§  90). 
According  to  the  shape  and  disposition  of  the  iron,  the  variation 
of  deflection  with  current  may  be  altered  within  wide  limits  * 
So  long  as  the  iron  is  unsaturated  the  flux  produced  in  it  varies 
with  the  current  in  the  magnetising  coil  (§§  42,  81),  hence  the 
deflecting  force  on  the  iron  (varying  with  flux  x  current)  is  pro¬ 
portional  to  the  square  of  the  current.  The  instrument  is  there¬ 
fore  inherently  suitable  for  A.C.  measurements  (§  89  b).  Due  to 
hysteresis  in  the  iron  (§§  34, 81)  there  is  a  tendency  for  the  instru¬ 
ment  to  read  high  on  descending  values.  Again,  the  winding  of 
a  voltmeter  of  this  type  is  necessarily  inductive  (§  98),  and  unless 
the  inductance  can  be  “  swamped  ”  by  plenty  of  non-inductive  re¬ 
sistance  (§  44)  the  impedance  of  the  instrument  circuit,  and 
therefore  the  calibration  of  the  instrument,  varies  with  frequency. 
It  is  claimed  for  the  latest  moving  iron  instruments  that  the  error 
is  less  than  1  %  whether  D.C.  or  A.C.  of  50  or  100  cycles  per  sec. 
be  used.  In  the  absence  of  suitable  guarantees,  moving-iron 
instruments  should  be  calibrated  with  A.C.  of  the  frequency  and 
wave  form  on  which  they  are  to  be  used. 

The  Dransfield  3-phase  voltmeter  is  a  moving-iron  instru¬ 
ment  with  two  coils.  The  latter  have  one  common  terminal  and 
the  other  ends  of  the  coils  are  connected  through  inductance  and 

*  If  the  scale  be  logarithmic  (like  that  of  a  slide  rule)  overloads  of  100  °/0  or  so 
can  be  read  with  sufficient  accuracy  whilst  retaining  an  open  scale  within  the 
normal  range. 
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Everett. ,  Edgeunihe  <.0  Con  Ltd. 

Working  Parts  of  H.T.  Electrostatic  Voltmeter. 

The  moving  vane  C  is  attracted  by  the  fixed  vane  A,  the  motion  being  opposed 
by  a  spiral  spring.  The  movement  is  rendered  ‘  dead-beat  ’  by  a  pneumatic  damper, 
which  has  been  removed  for  the  sake  of  clearness.  The  spindle  I>  has  needle  points 
in  hardened  cups  at  E.  The  insulated  clamping  rod  G  works  in  conjunction  with 
the  clamping  arms  F,  and  the  whole  is  carried  by  the  insulator  B.  These  voltmeters 
are  used  direct  up  to  7  000  V  and  through  scries  condensers  for  higher  voltages. 
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Working  Parts  of  E.H.T.  Electrostatic  Voltmeter  (Abraham  Type). 

A  movable  plate  B,  within  a  guard-plate  G,  is  attracted  by  the  fixed  plate  A,  and 
so  carries  the  pointer  over  the  scale,  the  movement  being  damped  by  a  pneumatic 
device.  The  spindle  C  is  supported  by  ligaments  D.  The  instrument  is  mounted  on 
insulators  H ;  the  terminals  are  at  L  and  M  ;  and  K  is  a  range  clamp  and  scale. 
These  instruments  are  constructed  for  all  pressures  up  to  300  000  V,  and,  owing  to 
the  absence  of  any  solid  or  liquid  dielectric  (e.g.  oil),  the  readings  are  independent 
both  of  frequency  and  of  wave  form.  All  projections  are  carefully  rounded  off  so  as 
to  avoid  ‘  brushing.’ 

[ To  face  p.  123. 
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resistance  respectively  to  the  second  and  third  terminals  of  the 
instrument.  The  instrument  serves  the  double  function  of  (a) 
measuring  the  voltage  of  a  3-phase  system,  and  (6)  indicating  in¬ 
correct  connections  or  phase  rotation,  or  failure  of  h.t.  or  l.t. 
fuses  in  the  circuits  of  the  3-phase  instrument  transformer  (or  two 
single-phase  transformers)  which  serves  the  voltmeter  itself  and 
also  P.F.  indicators,  watt-meters,  etc.  Normally  the  instrument 
indicates  the  3-phase  voltage,  but  its  scale  is  marked  with  lettered 
lines  to  one  or  other  of  which  the  pointer  falls  back  in  event  of 
wrong  connections  or  blown  h.t.  or  l.t.  fuse  in  the  instrument 
transformer  circuit. 

ioi.  Moving-coil  Ammeters  and  Voltmeters. — There  are 
two  main  types  of  instruments  to  be  considered  under  this  head¬ 
ing,  viz.  : — 

(a)  Moving-coil,  permanent  magnet  instruments ;  and 

(b)  Moving-coil,  dynamometer  type  instruments. 

The  two  types  have  many  points  of  similarity  but  also  important 
differences  (see  also  §§89  iii,  94'). 

(a)  Moving-coil ,  Permanent  Magnet  Instruments ,  commonly 
called  ‘moving-coil  instruments,’  for  brevity,  consist  essentially  of 
a  fine  wire  coil  so  pivoted  that  it  can  swing  in  the  intense  magnetic 
field  produced  in  a  narrow  air  gap  between  a  permanent  magnet 
and  a  soft  iron  core.  The  latter  is  commonly  cylindrical,  and 
coaxial  with  the  spindle  of  the  moving  coil  which  has  a  small 
clearance  between  the  core  inside  it  and  the  cylindrically-bored 
pole  shoes  of  the  magnet  outside  it.  The  permanent  magnet  and 
core  are  stationary,  and  the  moving-coil  is  deflected  against  the 
control  of  spiral  springs  which  serve  to  carry  current  into  the  coil. 
The  deflecting  force  is  produced  by  the  current-carrying  conductors 
of  the  coil  and  the  magnetic  field  in  the  air  gap  (§  35,  footnote). 
The  field  in  the  narrow  annular  gap  is  radial  and  practically  uni¬ 
form,  hence  the  deflecting  force  is  nearly  proportional  to  the  current. 
This  being  so,  and  the  controlling  force  exerted  by  the  springs 
being  nearly  proportional  to  the  deflection,  it  follows  that  the  scale 
is  practically  uniform  in  this  type  of  instrument.  In  the  Record 
‘  Cirscale  ’  instruments  the  same  principle  is  employed,  but  the  con¬ 
struction  is  modified  to  increase  the  scale  length.  A  C-shaped 
magnet  is  used,  and  one  pole  is  provided  with  two  circular-plate 
extensions  between  which  projects  a  single  similar  plate  attached 
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to  the  other  pole.  There  are  thus  obtained  two  narrow  air  gaps 
between  the  circular  plates,  and  the  moving-coil  is  pivoted  on  the 
line  of  centres  of  the  interleaved  pole  plates.  The  central  plate  is 
‘  necked 5  so  that  the  moving-coil  can  turn  through  300°  or  even 
330°. 

The  moving-coil  can  accommodate  a  considerable  number  of 
turns  of  fine  wire  and  the  field  is  very  strong,  hence  the  instrument 
is  highly  sensitive  and  the  power  consumption  is  low  (§  94).  For 
currents  exceeding  J  A  or  so,  ammeters  of  this  type  must  be 
shunted  (§§  98,  107).  Damping  is  provided  by  eddy  currents 
induced  in  the  aluminium  'former’  on  which  the  coil  is  wound. 
The  direction  of  the  deflecting  force  reverses  with  the  direction  of 
the  current,  hence  these  instruments  are  suitable  only  for  D.C. 
measurements  (see,  however,  vibration  galvanometers  §  96,  ii). 
The  intensity  of  field  in  the  narrow  air  gap  is  such  that  stray  fields 
(§  92,  ii)  are  of  negligible  effect.  When  the  instrument  is  used  as  a 
voltmeter  the  influence  of  temperature  can  be  eliminated  by  making 
the  series  resistance  (§  98)  of  manganin  or  other  wire  with  zero 
temperature  coefficient.  In  the  case  of  the  ammeter  no  appreciable 
‘  swamping  ’  resistance  can  be  used  (the  shunt  P.D.  being  limited 
to  75  mV,  §  107a),  and  it  is  inadvisable  to  use  a  copper  shunt  because 
the  temperatures  of  shunt  and  moving-coil  may  differ  considerably. 
(See  also  §  118.) 

( b )  Moving-coil ,  dynamometer  -  type  instruments ,  generally 
called  ‘  dynamometer  instruments,’  differ  from  the  permanent 
magnet  type  in  that  the  stationary  field  is  produced  by  a  pair  of 
coils  embracing  and  connected  in  series  with  the  moving-coil.  The 
field  is  no  longer  constant  but  varies  with  the  current  (or  voltage) 
measured,  hence  the  deflecting  force  varies  with  the  square  of  the 
current  and  the  instrument  is  equally  suitable  for  D.C.  or  A.C. 
measurements,  provided  that  there  are  no  constructional  parts  in 
which  eddy  currents  (§  39)  can  be  induced.  The  coils  have  no 
iron  cores,  hence  the  field  is  relatively  weak  (§§  42,  43),  and  large 
coils  must  be  used  to  obtain  adequate  working  forces.*  Because 
the  working  fields  are  weak,  stray  fields  introduce  serious  errors 
unless  the  instrument  is  built  astatically  (§  92,  ii).  The  scale  is  not 
uniform  but,  like  all  square-law  scales,  crowded  at  its  lower  end. 


*  This  objection  is  overcome,  but  at  the  cost  of  other  difficulties  and  compli¬ 
cations,  by  iron-cored  dynamometer-type  ammeters,  voltmeters,  and  watt-meters 
(§  109). 
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In  ammeters  of  this  type  the  main  current  can  generally  be  taken 
through  the  fixed  coils,  hut  5  A  is  about  the  maximum  for  the 
moving-coil  which  is  therefore  generally  shunted.  If  the  whole 
instrument  be  shunted  the  field  of  the  fixed  coils  is  reduced  un- 
necessai'ily.  In  voltmeters  the  same  current  flows  through  both 
windings.  Because  of  the  many  turns  required  to  obtain  suitable 
field  strength  the  pressure  drop  in  dynamometer  ammeters  is  high 
(§  94).  Ammeters  and  voltmeters  of  this  type  are  rarely  used 
outside  laboratories. 

The  Kelvin  ampere  balance ,  used  for  current  measurements  in 
standardisation  tests,  has  a  balance  beam  carrying  a  coil  at  each 
end.  These  coils  lie  between  pairs  of  fixed  coils  and  all  the  coils 
are  electrically  in  series.  The  connections  are  such  that  both  sets 
of  coils  tend  to  tilt  the  beam  in  the  same  direction  and  balance  is 
restored  by  adjusting  weights.  The  deflecting  force  which  is  thus 
‘  weighed  5  is  proportional  to  the  square  of  the  current  through  the 
coils. 

102.  Induction  Ammeters  and  Voltmeters. — These  instru¬ 
ments  operate  on  the  principle  of  the  induction  motor  (Chapter  28). 
The  induction-type  supply  meter  (§  115)  is  actually  a  miniature 
induction  motor  which  rotates  continuously  whilst  energy  is 
supplied  through  it.  In  the  ammeter  and  voltmeter,  however,  the 
rotation  is  limited  by  a  control  spring,  and  the  torque  produces  a 
deflection  which  is  proportional  to  the  square  of  the  current  or 
voltage  measured. 

In  one  form  of  these  instruments  there  are  two  field  circuits 
connected  in  parallel.  One  branch  is  highly  inductive  and  the 
other  is  mainly  non-inductive  resistance.  The  net  result  is  to 
produce  a  rotating  field  which  induces  current  in  and  exerts  a 
drag  on  a  copper  or  aluminium  disc  mounted  on  the  same  spindle  as 
the  pointer.  In  another  form  a  single  winding  excites  an  electro¬ 
magnet,  part  of  the  pole  face  of  which  is  covered  by  a  copper 
sheath.  The  alternating  flux  induces  eddy  currents  (§  39)  in  both 
the  copper  sheath  and  the  copper  or  aluminium  disc  on  the  spindle, 
and  the  interaction  between  these  eddy  currents  produces  the 
deflecting  torque. 

It  will  be  understood  that  these  instruments  are  applicable  only 
to  A.C.  measurements.  In  service  they  are  rugged  and  simple 
(though  their  complete  theory  is  complex),  and  they  can  easily 
be  provided  with  long  scales  (say  330°).  They  are  admirable 


§  io3  ELECTRICAL  ENGINEERING  PRACTICE 

for  switchboard  service,  but  not  for  general  testing  work  be¬ 
cause  the  torque  varies  with  frequency  and  wave  form.  In 
voltmeters  the  effect  of  frequency  is  less  marked  than  in  ammeters 
because  the  change  in  impedance  (§  44)  of  the  inductive  circuit 
of  the  former  compensates  to  some  extent  for  the  change  in  torque. 
Error  due  to  stray  fields  is  not  likely  to  be  serious,  but  the 
temperature  error  ( §  92  i)  is  considerable  due  to  change  in  resist¬ 
ance  of  the  parts  in  which  the  eddy  currents  are  induced. 

103.  Electrostatic  Voltmeters. — The  force  of  electrostatic 
attraction  between  plates  or  vanes  at  different  potential  is  pro¬ 
portional  to  the  square  of  the  P.D.  between  them,  but  is  so  small 
that,  for  low  and  medium  voltages,  the  mechanical  construction  of 
an  electrostatic  voltmeter  must  be  so  delicate  that  the  instrument 
is  not  suitable  for  commercial  service.  With  higher  voltages, 
however,  the  operating  forces  become  so  great  that  a  relatively 
robust  construction  can  be  employed.  Also,  at  such  voltages,  the 
insulation  problem  is  simpler  in  electrostatic  voltmeters  than  in 
other  types.  For  low- voltage  measurements  a  number  of  vanes 
are  mounted  one  below  the  other  on  a  common  spindle  and 
attracted  by  an  equal  number  of  pairs  of  fixed  plates  or  ‘  cells.' 
The  P.D.  to  be  measured  is  connected  between  the  vanes  and  the 
fixed  cells.  Since  the  deflecting  force  varies  with  the  square  of 
the  voltage  the  instrument  is  equally  applicable  to  D.C.  and  A.C. 
circuits  (§  89  b).  The  indications  are  independent  of  tempera¬ 
ture,  frequency,  wave  form,  and  stray  magnetic  fields,  but  error 
is  introduced  by  stray  electrostatic  fields,  unless  the  instrument  is 
suitably  screened. 

For  high-voltage  measurements  (from  10  000  to  200  000  V) 
the  attraction  between  two  parallel  plates  is  sufficient  to  operate 
the  indicating  mechanism.  One  plate  consists  of  a  large  stationary 
disc,  the  other  of  a  smaller  disc  surrounded  by  a  ‘  guard  ring 9 
which  is  of  the  same  outside  diameter  as  the  fixed  disc  ;  the  object 
of  this  arrangement  is  to  secure  a  uniform  field  between  the 
fixed  and  moving  discs.  The  range  of  measurement  may  be  in¬ 
creased  by  increasing  the  distance  between  the  discs.  ( See  also 
§  107  c*.)  If  the  plates  be  submerged  in  oil  the  range  and 
sensitivity  are  increased,  because  the  operating  force  increases 
with  the  specific  inductive  capacity  (§  46)  of  the  dielectric,  and 
the  dielectric  strength  of  oil  is  greater  than  that  of  air,  hence 
higher  voltages  may  be  used  or,  alternatively,  a  smaller  gap 
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(giving  greater  sensitivity)  may  be  used  for  a  given  voltage. 
For  laboratory  measurements  up  to  250  000  Y  .compressed 
nitrogen  (§  78)  at  a  pressure  of  10-12  atmospheres  has  been 
used  as  dielectric  in  electrostatic  instruments.  In  all  cases  a  high 
resistance  should  be  connected  in  series  with  the  instrument  to 
limit  the  current  flow  in  event  of  flash-over ;  otherwise  the  in¬ 
strument  may  be  destroyed  before  the  protective  fuses  melt. 
Series  resistance  has  no  effect  on  the  indication  of  an  electrostatic 
voltmeter,  because  there  is  no  appreciable  current  flow  (§89  iv). 
The  fact  that  no  current  flows  through  these  instruments  is  of 
economic  importance  where  high  voltages  are  concerned,  because 
even  10  mA  corresponds  to  1  kW  at  100  000  Y  (unity  P.F.). 

See  also  current  measurement  by  electrostatic  voltmeter 
(§89  iv);  charge  indicators  (§  104);  leakage  indicators  (Chapter 
40);  and  electrostatic  oscillographs  (§  118). 

104.  Electrostatic  Charge  Indicators. — These  are  essentially 
electrostatic  voltmeters  (§  103)  without  pointer  or  scale.  The 
moving  vane  has  a  red  spot  or  line  which  is  normally  hidden,  but 
which  shows  behind  a  sighting  aperture  when  the  indicator  is 
applied  to  a  ‘  live  ’  conductor.  A  calibrated  electrostatic  volt¬ 
meter  could  be  used  for  the  purpose  (with  the  advantage  of 
actually  measuring  the  P.D.  between  conductors  or  between  con¬ 
ductor  and  earth) ,  but  simple  uncalibrated  devices  can  be  made 
strong,  cheap,  and  easily  portable.  For  use  in  detecting  live 
wires,  want  of  continuity,  leakage,  etc.,  in  D.C.  or  A.C.  systems  at 
from  80  to  700  V  between  conductors  or  to  earth,  there  is  on  the 
market  a  device  about  the  size  and  shape  of  a  lead  pencil.  A 
metal  point  and  casing  at  opposite  ends  of  the  device  are  connected 
respectively  (in  series  with  a  high  internal  resistance)  to  a  fixed 
electrode  and  an  adjacent  flexible  vane;  the  latter  is  attracted 
and  shows  a  warning  signal  when  there  is  a  P.D.  between  the 
terminals.  For  high-voltage  circuits  a  testing  point  connected  to 
a  combination  of  fixed  and  moving  vanes  (mounted  on  an  insulat¬ 
ing  handle)  is  brought  into  contact  with  the  conductor  to  be 
tested ;  if  the  latter  be  live  the  vanes  are  charged  similarly  and 
the  moving  vane  is  repelled.  Another  device  depends  upon  the 
attraction  of  a  balanced  vane  by  a  live  high-voltage  conductor ; 
this  device  can  be  used  without  making  electrical  contact  with 
the  conductor.  Yet  another  detector,  depending  on  a  different 
principle  (static  sparking)  is  described  in  El.  Rev.,  Vol.  90,  p.  752. 
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105.  Spark  Gap  Voltmeters. — There  is  a  definite  relation 
between  any  voltage  and  the  length  of  spark  gap  which  it  will 
break-down.  Hence,  if  a  long  gap  be  reduced  until  the  first  spark 
passes  the  value  of  the  voltage  can  be  read  from  a  calibration 
table  (§  78)  or  curve,  or  a  pointer  moving  with  the  adjustable 
electrode  may  indicate  the  voltage  on  a  graduated  scale.  The 
break-down  depends  upon  the  maximum  value  of  the  voltage 
(§§  30,  72) — hence  the  name  4  crest  voltmeters  ’ — but  if  the  wave 
form  be  sinusoidal  or  of  other  known  form  the  instrument  can  be 
calibrated  in  R.M.S.  values.  For  insulation  tests  (§  30)  and  in 
X-ray  work,  however,  it  is  the  peak  value  of  the  voltage  wave 
which  is  to  be  measured.  The  use  of  spark  gap  voltmeters  is 
limited  to  high  pressures  (say  over  10  kV) ;  D.C.  or  A.C.  pres¬ 
sures  can  be  measured,  but  the  calibration  is  different  in  the  two 
cases. 

Air  is  generally  used  as  dielectric  between  the  electrodes 
because  it  is  self-repairing  and  is  of  lower  dielectric  strength  than 
oil  ( i.e .  greater  sensitivity  is  obtained,  the  gap  for  given  P.D. 
being  greater).  Ionisation  of  air,  produced  by  sparking  or  by  an 
electric  arc,  reduces  the  dielectric  strength,  hence  a  spark  gap  volt¬ 
meter  must  not  be  used  near  an  arc  lamp,  and  the  gap  length 
across  which  the  first  spark  passes  must  be  taken  as  determining 
the  voltage.  Up  to  30  000  V  needle  electrodes  should  be  used 
(these  given  greater  gap  lengths  for  given  voltage),  but  for  higher 
pressure  spherical  electrodes  give  results  which  are  less  affected 
by  frequency,  wave  form,  and  atmospheric  conditions.  The 
diameter  of  the  spheres  must  be  large  enough  to  prevent  corona 
or  brush  discharge  preceding  the  spark,  otherwise  the  air  is  ionised 
and  the  relation  between  gap  length  and  voltage  becomes  quite 
erratic.  A  table  of  R.M.S.  voltages  from  10  to  400  kV  and  corre¬ 
sponding  gap  lengths  between  spheres  from  62*5  mm.  to  500 
mm.  diameter  is  given,  together  with  particulars  of  corrections 
required,  in  B.E.S.A.  Report  No.  137. 

Crest  voltages  can  be  determined,  often  more  conveniently 
and  generally  with  at  least  equal  accuracy,  by  an  oscillograph  or 
by  the  point-by-point  method  (§  118). 

10 6.  Testing  Sets. — There  are  a  number  of  useful  portable 
testing  sets  on  the  market  which  are  both  accurate  and  handy. 
They  may  be  used  either  for  checking  other  instruments  or  for 
making  measurements  where  no  others  are  provided.  Typical 
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sets  have  two  moving-coil  millivoltmeters  (§  101),  generally  read¬ 
ing  from  zero  to  150,  the  scale  reading  being  multiplied  by  one 
or  other  of  several  factors  according  to  the  range  employed.  This 
type  of  instrument  is  suitable  only  for  D.C.  measurements.  A 
single  moving-coil  instrument  can  be  used  for  both  pressure  and 
current  measurements  (§  98),  but  it  is  more  convenient  to  have 
two  instruments  as  this  simplifies  connections  and  makes  possible 
simultaneous  readings  of  pressure  and  current,  and  thus  calcula¬ 
tion  of  D.C.  power  (§§  50,  54). 

For  volt  measurements  the  case  contains  a  subdivided  resist¬ 
ance  coil  (§  95),  of  about  60  000  XI  resistance,  which  can  be 
connected  across  the  pressure  to  be  measured.  There  is  a  positive 
terminal  V  +  attached  to  one  end  of  the  coil,  and  negative 
terminals  V  -  ,  for  1*5,  15,  150,  and  600  V,  respectively,  attached 
to  suitable  points  on  the  resistance  coil,  so  that  the  pressure  can 
be  read  off  directly. 

For  current  measurements,  standard  resistances  (§§20,  95)  are 
connected  in  series  into  the  circuit  {not  across  it)  and  the  drop  in 
pressure  across  the  resistance  is  actually  measured,  as  explained 
in  §  95;  the  usual  ranges  are  1*5,  15,  150,  and  600  A,  and  the 
instrument  reads  directly  in  amperes  in  the  three  lower  ranges. 
The  flexible  connecting  leads  supplied  with  these  instruments,  or 
others  of  exactly  the  same  resistance,  must  be  used  for  current 
measurements ;  otherwise  the  readings  will  be  incorrect. 

Resistance  measurements  can  sometimes  be  made  conveniently 
by  noting  corresponding  values  of  P.D.  and  current  (§  119);  in 
other  cases  the  testing  set  includes  a  wheatstone  bridge  (§  120). 

Similar  testing  sets  with  hot  wire  or  electrostatic  instruments 
could  be  used  for  D.C.  or  A.C.  measurements,  but  these  instru¬ 
ments  are  not  suitable  for  portable  service  (§  §  99,  103).  Methods 
of  measuring  AC.  power  are  described  in  §§  109,  110. 

107.  Extending  the  Range  of  Instruments:  Shunts  and 
Potential  Dividers. — The  current  which  can  safely  be  passed 
through  an  ammeter  of  other  than  the  moving  iron  type  (§  100) 
is  generally  limited  to  a  few  amperes  and  sometimes  to  a  fraction 
of  1  A.  Much  heavier  currents  (up  to,  say,  20  000  A)  can  be 
measured  by  passing  through  the  instrument  a  definite  fraction 
of  the  total  current ;  this  fraction  is  obtained  by  a  shunt,  or,  in 
the  case  of  A.C.,  by  a  current  transformer  (§  108).  The  scale  is 
calibrated  in  main-current  values,  unless  the  instrument  is  to  be 
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used  with  different  shunts  in  which  case  the  indication  must 
always  he  multiplied  by  the  appropriate  factor. 

Similarly,  the  range  of  a  voltmeter  can  be  extended  almost 
indefinitely  by  applying  to  the  instrument  a  definite  fraction  of 
the  total  P.D.  (obtained  by  a  volt  box,  §  95,  or  a  potential  trans¬ 


former,  §  108),  or  by  connecting  a  suitable  resistance  in  series 
with  the  instrument.  Condensers  can  be  used 
with  electrostatic  instruments  as  explained 

n  {\n  below- 

77  77  (a)  Shunts. — Referring  to  Fig.  14,  if  an 

. r. ZZ3— ammeter  of  resistance  r2  O  be  connected,  by 

^  two  leads  each  of  resistance  rx  II,  to  the 

1  terminals  of  a  ‘  shunt  ’  of  resistance  s  D, 

FlGammet^-illinted  the  pressure  drop  in  the  instrument  circuit 
equals  that  in  the  shunt.  Denoting  the 
total  resistance  of  the  instrument  circuit  by  R  =  2 +  r2,  we 
have:  Pressure  drop  in  instrument  circuit  =  IIR  (§  24)  =  Iss 
(the  pressure  drop  in  the  shunt).  Therefore  I  —  LJ&  /  s.  The 
4  multiplying  power *  of  the  shunt  (  =  main  current  /  instrument 

current)  =  I / 1;  =  (l;,  +  /,)//,-  =  U  +  ®  /i)  =  J  +  R=  say, 

'  S  J  s 

n .  Hence,  if  the  multiplying  power  is  to  be  n  (generally  10  or  a 

R  R 

decimal  multiple  thereof) :  —  =  n  -  1  and  5  =  ; - —  i.e.  the 


Fig.  14. — Shunted 
ammeter. 


^  R  • 

a  s  =  %.e.  the 

O  -  1) 

times  the  resistance  of 


resistance  of  the  shunt  must  be  7 - =-  times  the  resistance  of 

O  -  1) 

the  instrument  (including  its  leads). 

In  order  that  the  multiplying  power  of  the  shunt  may  not 
vary  R  and  s  must  be  constant  or  they  must  vary  always  in  the 
same  ratio.  If  both  branches  consisted  only  of  copper,  the  ratio 
R  /  5  would  be  constant  if  the  temperature  of  shunt  and  instru¬ 
ment  were  always  the  same ;  this  cannot  be  guaranteed,  hence  it 
is  usual  to  make  the  shunt  of  manganin  and  to  ‘swamp’  the 
copper  in  the  instrument  circuit  by  using  as  much  manganin  as 
possible  in  this  branch  (§§  92  i,  98). 

The  actual  resistance,  s,  of  the  shunt  should  be  low  in  order 
that  the  energy  dissipated  in  it  (I2s  watts,  §  49)  may  be  low. 
The  pressure  drop,  I,s,  must,  however,  be  sufficient  to  operate  the 
instrument  satisfactorily,  and  British  Standard  values  for  this 
drop  (at  rated  current)  are  :  O’  075  V  for  first-  and  second-grade 
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indicating  instruments  (§  92);  0*2  V  for  recording  instruments ; 
and  either  0*  000  5  or  0*  001  V  per  scale  division  for  indicating 
sub-standard  instruments,  of  the  moving-coil,  permanent  magnet 
type  (§  101  a)  in  each  case.  For  instruments  of  other  types  the 
P.D.  across  the  shunt  at  rated  current  may  not  exceed  1  V.  The 
total  resistance  of  the  leads  in  series  with  the  instrument  across 
the  shunt  should  not  exceed  0*05  fl  for  portable  instruments  and 
0*  025  SI  for  switchboard  instruments  at  20°  C.  The  material 
and  construction  of  the  shunt  and  instrument  leads  should  be 
such  that  alteration  in  instrument  indication,  due  to  thermo¬ 
electric  E.M.F.  (§§  122  b ,  129)  does  not  exceed  0*25  °/0*  The 
temperature  rise  of  a  shunt  when  carrying  rated  current  for  2  hrs. 
should  not  exceed  80°  C.  Best  ventilation  for  laminated  shunts 
is  generally  obtained  by  mounting  with  the  terminals  in  line 
horizontally  and  the  plane  of  the  plates  vertical.  ( See  also 
B.E.S.A.  Reports  89  and  90;  and  £  Multiple-Unit  Shunts  for  the 
Measurement  of  Very  Heavy  Currents/  by  M.  B.  Field,  Jour . 
I.E.E.,  Vol.  58,  p.  661.) 

(b)  Magnetic  Shunts  are  used  in  some  supply  meters  and  in 
some  moving-coil  indicating  instruments  as  a  means  of  adjusting 
the  active  magnetic  field  and  so  providing  for  fine  adjustment  of 
the  £  law  ’  of  the  instrument.  A  piece  of  soft  iron  of  relatively 
small  section  bridges  the  main  air  gap  more  or  less  completely,  and 
thus  provides  a  shunt  path  for  some  of  the  magnetic  flux. 

( c )  Potential  Dividers. — (i)  Volt  Box . — The  principle  of  the 
‘  volt  box  '  has  already  been  explained  in  §  95.  As  there  noted, 
the  uniform  potential  gradient  in  a  uniform,  non-inductive  resist¬ 
ance  connected  across  the  voltage  to  be  measured,  is  not  disturbed 
if  an  electrostatic  instrument  be  connected  across  part  of  the 
resistance ;  neither  is  the  gradient  disturbed  appreciably  if  an 
instrument  be  used  which  is  of  very  high  resistance,  compared 
with  the  section  of  the  volt  box  across  which  it  is  connected.  In 
any  case  the  total  resistance  of  the  volt  box  must  be  high  other¬ 
wise  the  power  consumption  therein  becomes  excessive.  This 
method  of  extending  the  range  of  a  voltmeter  is  applicable  to 
both  D.C.  and  A.O.  instruments,  but  in  practice  series  resistance 
(see  ( d )  below)  is  generally  used  for  D.C.  voltmeters  and  potential 
transformers  (§  108)  for  A.C.  instruments. 

(ii)  Condensers . — The  range  of  an  electrostatic  voltmeter 
(§  103)  can  be  extended  by  connecting  a  condenser  in  series  with 
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the  instrument.  The  P.D.  applied  to  two  condensers  connected 
in  series  is  divided  between  these  in  inverse  proportion  to  the 
capacities  of  the  condensers;  hence  if  the  P.D.  across  an  electro¬ 
static  instrument  is  to  be  made  a  small  fraction  of  the  total  P.D. 
the  instrument  must  be  connected  in  series  with  a  condenser  the 
capacity  of  which  is  much  smaller  than  that  of  the  electrostatic 
instrument.  This  is  a  matter  of  practical  difficulty,  because  the 
capacity  of  the  instrument  is  very  small  and  changes  with  the 
position  of  the  vanes.  An  alternative  method  is  to  connect 
several  relatively  large  condensers  in  series  across  the  mains  and 
to  connect  the  electrostatic  instrument  in  parallel  with  one  of 
these.  This  arrangement  is  the  electrostatic  equivalent  of  the 
volt  box  and  the  small  capacity  of  the  instrument  does  not  affect 
appreciably  the  potential  gradient  in  the  chain  of  condensers 
across  part  of  which  it  is  connected.  Even  the  smallest  leakage 
currents  make  the  readings  vary  with  frequency. 

( d )  Series  Resistance.— Ah  explained  in  §  08,  any  ammeter 
can — subject  to  certain  practical  considerations— be  used  as  a 
voltmeter  by  connecting*  a  suitable  resistance  in  series  with  it. 
The  range  of  the  instrument  can  be  increased  by  increasing  the 
series  resistance. 

Example. — Suppose  that,  in  Fig.  14,  rl  «  0*025  n  and  r»  1*5  n,  and  that 
the  instrument  gives  full  scale  deflection  whon  the  shunt  P.D.  -  0*  075  V.  Then  : 
Current  through  instrument  for  full  scale  doflection  -~=  0'  075  /  (2  x  *025  -f  1*5) 

0*  075  / 1*55  =  0*  048  5  A.  If  this  instrument  is  to  ho  used  as  a  voltmeter  mmunr* 
ing  up  to  v  volts  it  must  bo  connected  in  series  with  a  resistance  II  such  that 
v  [  (R  +  1*5)  —  0*  048  5.  If  v  «  220  V,  wo  have :  220  /  (It  +  1*5)  ~~  0*  048  5;  whence 
R  =  4  534*6  n. 

An  ammeter  of  resistance  r  D  reading  i  amperes  per  scale 
division  will  read  IV  per  scale  division  when  connected  in  series 
with  a  resistance  R  »  (1  -  ir)  /  i  f 1. 

Hot  wire,  moving  iron,  and  moving-coil  voltmeters  (§§  99-101) 
are  operated  by  a  current  which  is  proportional  to  the  voltage  to  be 
measured.  The  full  scale  deflection  corresponds  to  a  particular 
value  of  this  current,  and  in  order  to  extend  the  voltage  range  it 
is  only  necessary  to  connect  in  series  with  the  instrument  such  a 
non-inductive  resistance  that  the  higher  voltage  sends  the  full- 
scale  current  through  the  combined  resistance  of  the  instrument 
and  series  resistance.  The  range  of  the  voltmeter  is  multiplied 
by  n  if  the  instrument  be  used  in  series  with  a  resistance 
=  (n  -  1)  times  its  own  resistance. 
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Electrostatic  voltmeters,  however,  depend  upon  the  potential 
of  the  vanes  (§  103),  and  this  is  unaffected  by  series  resistance,* 
hence  the  range  of  these  instruments  cannot  be  increased  by 
series  resistance  {see,  however,  §  c  (ii)  above). 

108.  Instrument  (Potential  and  Current)  Transformers. — 
Instrument  transformers  are  used  with  A.C.  indicating,  recording, 
and  integrating  measuring  instruments  and  with  relays  and 
automatic  devices  of  various  descriptions  when  the  main  current 
is  too  heavy  and/or  the  main  pressure  too  high  to  allow  direct 
connection  between  the  instrument,  etc.,  and  the  main  circuit. 
They  are  applicable  only  to  A.C.  circuits.  The  transformer  wind¬ 
ings  are  electrically  distinct  (auto-transformers  (Chap.  17)  may 
not  be  used),  the  primary  being  connected  with  the  main  circuit 
and  the  secondary  with  the  instrument,  etc.  Instruments  used 
with  current  or  potential  transformers  should  be  calibrated  with 
them,  the  scale  being  marked  to  show  the  main  circuit  values  of 
current,  voltage,  power,  etc.  The  use  of  these  transformers  per¬ 
mits  instruments  to  be  lighter  in  mechanical  construction  and 
electrical  insulation  than  would  otherwise  be  possible ;  accuracy 
and  safety  are  enhanced,  and  a  standard  type  of  instrument  can 
be  used  for  measurements  over  a  very  wide  range.  About  600  A 
and  750  V  are  the  extreme  limits  for  direct-connected  ammeters 
and  voltmeters  (excepting  electrostatic  instruments,  §  103).  By 
the  use  of  instrument  transformers  high  voltage  is  excluded  from 
the  instrument  circuits, f  and  the  main  current  (and  its  field  and 
eddy  currents  induced  thereby)  is  kept  away  from  the  instrument. 
For  example,  a  low-pressure  wattmeter  can  be  used  with  current 
and  potential  transformers  to  measure  power  in  a  high-voltage 
circuit. 

In  current  transformers  a  low-resistance  primary  winding  of 
one  or  a  few  turns  is  connected  in  series  with  the  main  circuit, 


*  There  being  no  current  flow,  there  is  no  pressure  drop  in  the  series  resist¬ 
ance. 

+  If  the  main  circuit  is  at  high  potential,  the  insulation  problem  is  transferred 
from  the  instrument  to  the  instrument  transformer  where  it  is  more  easily  dealt 
with  but  still  remains  of  vital  importance.  By  earthing  the  secondary  circuit 
danger  of  shock  is  eliminated,  but  serious  interruption  of  service  may  result 
if  the  transformer  insulation  fails.  The  insulation  difficulty  is  particularly 
great  in  potential  transformers  the  primary  winding  of  which,  consisting  of  many 
turns  of  fine  wire,  is  subjected  to  the  full  P.D.  between  phases.  Potential  trans¬ 
formers  constitute  one  of  the  weakest  features  in  a  modern  h.t.  installation. 
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and  a  secondary  winding  with  a  greater  number  of  turns  supplies 
a  correspondingly  reduced  current  to  the  instrument  circuit. 
The  secondary  may  be  threaded  directly  on  to  “the  main  circuit 
conductor  itself  which  then  forms,  in  effect,  a  single  turn3 primary. 
If  the  secondary  circuit  is  to  be  opened  whilst  the  main  current 
is  flowing,  the  secondary  terminals  of  the  transformer  should  first 
be  short-circuited,  otherwise  a  dangerous  P.D.  will  be  produced 
between  them  when  the  circuit  is  opened. 

Potential  transformers  are  step-down  transformers,  the 
secondary  winding  consisting  of  a  few  turns  whilst  the  primary 
is  a  high-resistance  winding  of  many  turns  connected  between 
the  main-circuit  conductors. 

Subject  to  a  correction  allowing  for  the  fact  that  not  all  the 
magnetic  flux  produced  by  the  primary  winding  passes  through 
the  secondary  winding  (§  35),  the  ratio  of  an  instrument  trans¬ 
former  is  the  ratio  of  the  number  of  primary  to  secondary  turns. 
The  question  of  magnetic  leakage  is,  however,  covered  by  stating 
the  corresponding  values  of  primary  and  secondary  current  or 
pressure  as  the  case  may  be.  Thus  a.  5  000  /  5  current  transformer 
is  one  rated  for  5  000  A  primary,  and  5  A  secondary  current ;  and 
a  6  600/110  potential  transformer  is  one  which  yields  110  V 
secondary  voltage  when  connected  to  6  600  V  supply.  This 
actual  ratio  of  the  transformer  is  obviously  what  concerns  the 
user. 

For  simple  current  or  voltage  measurements,  accurate  and 
constant  ratio  is  all  that  is  required  from  the  instrument  trans¬ 
former,  but  if  power  or  energy  measurements  are  to  be  made  by 
a  wattmeter  or  watt-hour  meter  employing  current  or  potential 
transformers  (or  both),  it  is  essential  that  the  phase  relation  be¬ 
tween  current  and  pressure  in  the  instrument  circuits  be  the  same 
as  that  between  the  main  current  and  pressure.  This  condition 
is  fulfilled  only  if  the  secondary  current  (or  pressure)  of  the  in¬ 
strument  transformer  be  in  exact  phase  opposition  to  the  primary 
current  (or  pressure).  The  amount  by  which  the  two  currents 
(or  pressures)  are  not  in  exact  anti-phase  is  termed  the  phase 
error  of  the  transformer.  In  general,  this  error  increases  as  the 
P.F.  of  the  main  circuit  decreases,  and  increases  also  as  the  load 
on  the  secondary  of  the  transformer  increases.  For  this  and 
other  reasons,  the  advice  of  the  maker  should  be  sought  before 
connecting  a  number  of  instruments,  etc.,  to  one  transformer. 
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For  current  or  voltage  measurements  the  ratio  error  of  the 
transformer  is  alone  important ;  for  power  factor  measurements 
ratio  error  is  unimportant  hut  phase  error  is  serious ;  for  power  or 
energy  measurements  both  ratio  and  phase  errors  are  important, 
accurate  ratio  being  of  principal  importance  when  the  P.F.  of  the 
load  is  high,  and  accurate  phase  being  more  important  when  the 
P.F  of  the  load  is  low. 

British  Standard  current  transformers  (B.E.S.A.  Report  No.  81)  are  wound 
to  give  5  A  secondary  current  with  rated  primary  current,  there  being  23  standard 
ratios  from  5  /  5  to  5  000  /  5  A.  The  two  standard  sizes  of  current  transformers 
have  rated  outputs  of  15  VA  and  40  VA  respectively  at  50  cycles  per  sec.  At 
these  outputs  the  maximum  permissible  ratio  error  is  +  1  °/Q  and  phase  error  2° 
when  the  primary  current  is  not  less  than  one-fifth  the  rated  value.*  When 
selecting  a  current  transformer  one  should  be  chosen  with  a  primary  current 
rating  high  enough  to  avoid  destruction  of  the  primary  winding  before  the  circuit 
is  opened  in  event  of  short  circuit,  but  not  so  high  as  to  reduce  abnormally  the 
accuracy  of  measurement  on  normal  loads. 

In  British  Standard  potential  transformers  the  secondary  pressure  is  110  V 
when  rated  voltage  is  applied  to  the  primary,  and  there  are  12  standard  ratios 
ranging  from  110  /  110  to  33  000  /  110  V.  The  three  standard  sizes  have  rated  out¬ 
puts  of  15,  50,  and  200  YA  per  phase.  At  110  Y  and  approximately  unity  P.T\ 
in  the  secondary  circuit  the  maximum  permissible  ratio  error  is  1  °/Q  and  phase 
error  J°  at  rated  or  lower  output.  (See  also  Report,  loc.  ciL) 

Additional  notes  on  instrument  transformers  are  given  in 
§384. 

109.  Wattmeters. — The  majority  of  wattmeters  are  dynamo¬ 
meter-typo  instruments  (§  101  £>).  The  main  current  (or  a  definite 
fraction  thereof  obtained  by  shunt  or  current  transformer,  §§  107, 
108)  is  passed  through  the  stationary  coil  which  is  of  low  resistance, 
and  the  main  voltage  (or  a  fraction  thereof)  is  applied  to  the  moving 
coil  circuit  which  is  of  high  resistance.  The  deflection  of  the  in¬ 
strument,  against  the  torque  of  the  control  spring,  varies  with  the 
product  current  x  voltage,  i.e.  Watts  (§  48).  In  order  to  appreci¬ 
ate  that  an  instrument  of  this  type  can  be  used  also  to  measure 
A.C.  power,  and  to  understand  the  conditions  which  must  be  ful¬ 
filled  when  so  doing,  it  is  necessary  to  consider  the  basic  formulae 
relating  to  A.C.  power.  This  is  done  in  §  110,  and  from  the  results 
there  obtained  it  will  be  seen  that,  since  a  dynamometer- type  watt¬ 
meter  measures  the  mean  product  of  pressure  by  current,  and  takes 
into  account  phase  difference  between  the  two,  it  is  suitable  in 

*  The  phase  error  is  likely  to  exceed  2°  in  single-turn  primary  transformers 
unless  the  primary  current  is  at  least  800  A  or  X  200  A  for  the  15  YA  or  40  VA 
transformer  respectively. 


135 


§iog  ELECTRICAL  ENGINEERING  PR^<’T 

principle  for  measuring  A.  C.  power  at  any  f reqtioiic 
factor.  Actually,  however,  the  inductance  of 
causes  the  current  in  this  coil  (and  therefore  the  field 
lag  behind  the  applied  voltage.  From  this  cause  the 
between  the  fields  of  the  wattmeter  coils  is  less  than  ' 
the  main  pressure  and  current,*  and  the  instrument  t 
read  'high.’  On  the  other  hand,  eddy  currents  in< 
fixed  (current)  coil  cause  its  field  to  lag  behind  the  n 
thus  increasing  the  phase  difference  between  the  two 
instrument.  The  two  sources  of  error  compensate 
some  extent,  but  the  extent  to  which  this  occurs  def 
characteristics  of  the  instrument  and  on  the  main  circ 
the  inductance  of  the  pressure  coil  be  high  the  eurroni 
will  be  lower  than  it  is  assumed  to  be,  and  if  imstru 
formers  be  used  their  ratio  and  phase  errors  (§ 
errors  in  power  measurement.  Complete  investiga 
accuracy  of  AC.  power  measurements  is  thus  a  compl 
and  the  risk  of  error  is  particularly  great  if  the  I\F. 
measured  be  lower  than  0'5.  The  reading  of  an  A.O 
can  be  checked  by  determining  the  power  from  ih< 
El  cos  <j>  (or  the  corresponding  expression  for  3-phaso  pc: 
the  values  of  E  and  I  being  obtained  by  voltmeter  an 
and  of  cos  <£  by  power-factor  meter  (§  111).  T 
generally  gives  more  accurate  results  than  the  wattr 
P.F.  of  the  load  be  low. 

The  Duddell- Mather  wattmeter  is  a  dynatnomcd 
strument  designed  for  precision  measurements.  It 
features  are :  (1)  The  elimination  of  all  unnecesHiu 
prevent  the  induction  of  eddy  currents.  (2)  For  the  h 
the  fixed  coils  are  composed  of  insulated  strands  of 
these  can  be  connected  in  various  ways  to  alter  the  r 
instrument.  (3)  There  are  two  pairs  of  fixed  coils  an< 
of  moving  coils  arranged  astatically  (§  92  ii).  (4)  H 
taken  by  observing  on  the  ‘  torsion  head  ’  the  rotai 
control  spring  required  to  bring  the  moving  system  1: 
zero  line.  This  instrument  is  equally  suitable  for  I) 
A.C.  of  any  frequency  up  to  350  cycles  per  sec.  It  can 

*  Assuming  that  the  main-circuit  current  lags  belli  nd  fhe  vo 
main  current  be  leading  with  regard  to  its  voltage,  inductance  In 
coil  of  the  wattmeter  tends  to  make  he  instrument  read  *  low.’ 
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measure  A.C.  power  at  very  low  P.F.,  e.g .  the  dielectric  loss  in 
cables  the  P.F.  of  which  is  about  002  (§  312). 

The  remarks  made  in  §  101  b  concerning  the  weak  field  of 
dynamometer-type  ammeters  and  voltmeters  apply  also  to  watt¬ 
meters  of  this  type.  If  the  coils  be  provided  with  iron  cores,  the 
fields  are  greatly  increased  (§  43)  and  greater  working  forces  can 
be  obtained.  This  is  particularly  desirable  where  recording  in¬ 
struments  (§  93)  are  concerned.  The  use  of  iron  cores  in  D.C. 
wattmeters  is  subject  only  to  the  objection  that  hysteresis  errors 
are  introduced  (§§  34,  100),  but  in  A.C.  wattmeters  the  errors  of 
the  ordinary  air-core  dynamometer  wattmeter — particularly  the 
phase  errors — would  be  prohibitive  if  the  coils  were  simply  pro¬ 
vided  with  iron  cores.  Specially  arranged  iron-cored  wattmeters 
have  been  devised  by  Drysdale,  Sumpner,  and  others  for  use  on 
A.C.  circuits.* 

Induction  wattmeters  can  be  used  only  for  A.C.  power 
measurements.  The  principle  employed  by  these  instruments  is 
identical  with  that  of  induction  ammeters  and  voltmeters  (§  102), 
except  that  the  torque  on  the  disc  is  produced  by  two  electro¬ 
magnets,  one  excited  by  the  main-circuit  current  (or  a  fraction 
thereof)  and  the  other  by  the  main-circuit  voltage.  The  torque  on 
the  disc  varies  with  the  power  to  be  measured  and  is  opposed  by 
a  controlling  spring.  These  instruments  are  very  suitable  for  use 
on  switchboards. 

The  measurement  of  4  wattless  power  ’  is  discussed  in  §§  110, 

116. 

no.  Power  and  Energy  Measurement  in  A.C.  Circuits. — 

As  explained  in  §  29,  the  average  value  of  an  alternating  current 
or  pressure  is  zero,  and  the  effective  value  of  the  wave  is  the  root 
mean  square  (R.M.S.)  ordinate.  The  instantaneous  power  in  a 
single-phase  A.C.  circuit  equals  the  product  of  the  corresponding 
instantaneous  values  of  pressure  and  current,  and  if  the  pressure 
and  current  waves  are  not  in  phase  the  power  curve  is  an  alter¬ 
nating  wave  (§  56).  Whereas  a  negative  (reversed)  current  is 
exactly  equivalent  to  a  positive  current  as  regards  heating  (§  29), 
a  negative  value  of  instantaneous  power  means  that  power  is  being 
returned  to  the  supply  circuit.  It  is  therefore  the  average  (and* 
not  the  R.M.S.)  value  of  the  power  wave  which  is  the  measure  of 

*  For  details  see  Industrial  Electrical  Measuring  Instruments ,  by  Edgcumbe, 
pp.  219  et  seg. 
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its  effective  value.  It  can  be  shown  that  the  average  value  of  the 
power  is  given  by — • 

(i)  Single-phase  Circuits — 

Average  Power  =  RM.S.  Volts  x  R.M.S.  Amperes  x  Power 
factor 

i.e.  W  =  El  cos  <£. 

(ii)  Three-phase  Circuits  (if  symmetrical  and  balanced) — 
Average  Power  =  ^3  x  RM.S.  Volts  between  phases  x  RM.S. 

Amperes  per  phase  x  Power  factor. 
i.e .  W  =  ^3  El  cos  <j>. 

In  a  dynamometer  type  wattmeter  (§  109)  the  torque  on  the 
moving  system  is  at  every  moment  proportional  to  the  instan¬ 
taneous  value  of  the  power  and  may  be  negative  during  part  of 
the  cycle.  The  inertia  of  the  moving  system  causes  it  to  take  up 
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Fig.  15. — D.C,  or  single-phase 
A.C.  wattmeter. 
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Fig.  16. — Measuring  3-phase  power  (balanced 
or  unbalanced  load)  in  3-phase,  3-wire 
circuit  by  two  wattmeters. 


the  position  corresponding  to  the  mean  value  of  the  torque  and 
thus  to  indicate  the  average  power. 

A.C .  Wattmeter  Connections . — The  connections  for  a  single¬ 
phase  wattmeter  are  identical  with  those  for  a  D.C.  wattmeter. 
The  common  terminal  of  the  pressure  and  current  coils  should  be 
on  the  supply  side  {see  Fig.  15).  The  power  indicated  is  then 
greater  than  that  supplied  to  the  load  by  the  amount  of  power 
expended  in  the  current  coil,  but  this  is  of  little  practical  impor¬ 
tance.  If  the  pressure  coil  were  connected  on  the  load  side  of  the 
current  coil  the  power  indicated  would  be  greater  than  actually 
supplied  to  the  load  by  the  amount  of  power  expended  in  the 
pressure  coil.  This  again  is  of  little  importance  in  commercial 
power  measurements,  but  if  a  watt-hour  meter  be  connected  in 
this  way,  it  will  record  continuously  the  energy  consumption  of 
the  pressure  circuit ;  there  is  necessarily  an  expenditure  of  energy 
in  the  pressure  circuit  so  long  as  the  instrument  is  connected  to 
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the  supply,  but  this  is  not  charged  to  the  consumer  if  the  meter 
be  connected  as  in  Fig.  15  because  the  current  for  the  pressure 
coil  does  not  then  pass  through  the  current  coiL 

Alternative  methods  of  measuring  3 -phase  power  are  re¬ 
presented  in  Figs.  16-18,  the  conditions  applying  to  each  being 
stated  below  the  diagrams ;  these  methods  are  applicable  also  to 
watt-hour  meters  (§115).  The  two-wattmeter  method  is  applicable 
to  balanced  or  unbalanced  loads  in  3 -phase,  3 -wire  circuits.  The 
current  coils  of  two  wattmeters  are  connected  in  two  of  the  phase 
conductors  (directly  or  through  shunts  or  instrument  transformers, 
§§  107,  108),  and  the  pressure  coils  are  connected  between  these 
phases  and  the  third  phase.  The  total  power  supplied  to  the  load 
is  the  algebraic  sum  of  the  readings  of  the  two  wattmeters.  If 
the  readings  of  the  two  instruments  be  W1  and  W2  watts,  the 


Fig.  17. — Measuring  3-phase  power  Fig.  18.  —  Measuring  3-phase  power 

(balanced  load)  in  3-phase,  3-wire  (balanced  load)  in  3-phase,  4-wire 

circuit  by  one  wattmeter.  circuit  by  two  wattmeters. 


ratio  of  these  readings  is  m  =  W1[  W2  and  the  P.F.  (cos  <£>)  of 
the  load  may  be  calculated  from  the  expression — 

,  m  +  1 

cos  (/>  —  ^  _  m  +  i) 

This  formula  holds  good  only  if  the  load  be  balanced,  but  the  two- 
wattmeter  method  of  measuring  power  is  applicable  whether  the 
load  be  balanced  or  not,  and  whatever  the  power  factor.  An¬ 
other  form  of  the  same  expression  is — 

tan  cf>  =  +J3  (W1  -  W2)/(W1  +  Wl). 

If  tan  </>  be  calculated  from  this  formula,  the  corresponding  value 
of  cos  (j>  is  most  easily  found  by  reference  to  trigonometrical 
tables. 

If  the  power  factor  be  less  than  0*5  one  wattmeter  will  re¬ 
verse  and  its  connections  must  be  interchanged  in  order  to  obtain 
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a  positive  reading;  the  difference  between  the  readings  of  the 
two  instruments  is  then  the  power  supplied  to  the  load. 

Instead  of  using  two  independent  wattmeters,  two  wattmotci 
elements  may  be  mounted  on  a  common  spindle.  I  he  resultant 
deflection  is  then  the  algebraic  sum  oi  W\  and  Ih  provided  that 
the  connections  are  correct.  Where  a  two-element  waitmetei  01 
watt-hour  meter  is  used  it  is,  of  course,  impossible,  to  determine 
the  power  factor  from  the  readings  of  the  instrument.* 

In  a  balanced  3-phase  system  the  power  (or  energy  )  can  be 
measured  by  a  single  wattmeter  (or  watt-hour  meter)  by  connect¬ 
ing  the  current  coil  in  one  phase  and  the  pressure  coil  between 
that  phase  and  the  neutral.  This  measures  the  power  in  one 
phase,  and  the  total  power  is  three  times  as  great.  If  the  neutral 
is  not  available  an  ‘  artificial  neutral  *  can  Ix>  obtained  by  connect¬ 
ing  two  resistances  of  suitable  value  as  in  Fig.  17 ;  the.  relation 
between  these  resistances  and  the  impedance  of  the  pressure  coil 
must  be  such  that  0  is  the  true  neutral  point.  Alternatively,  tint 
current  coil  may  be  excited  by  current  transformers  in  two  phases 
connected  differentially,  the  pressure  coil  being  connected  across 
these  two  phases. 

The  power  in  a  3 -phase,  4 -wire  circuit  must  bo  measured  by 
three  wattmeters  if  the  load  be  unbalanced ,  each  instrument 
having  its  current  coil  in  one  phase  conductor  and  its  pressure 
coil  between  that  phase  and  neutral.  If,  however,  the  load  Im 
balanced  the  connections  shown  in  Fig.  18  may  he  used*  This 
arrangement  resembles  the  2-wattmoter  method  (Fig.  U>),  but 
the  two  pressure  coils  are  connected  to  the  neutral,  and  each  of 
the  current  coils  is  opposed  by  a  current  coil  connected  in  the 
phase  which  has  no  pressure  coil. 

Wattless  Component. — The  difference  between  apparent  power 
(VA)  and  true  power  (W)  in  any  A.C.  circuit  is  often  called 
‘  wattless  power.  ’  This  term,  though  descriptive*,  in  contradictory, 
and  it  is  better  to  refer  to  the  quantity  in  question  as  the  wattless 
component,  idle  component,  or  reactive  component  of  the  apparent 
power.  The  value  of  the  wattless  component  is  the  vector 

*  Where  two  separate  watt-hour  meters  arc  used  to  measure  the  energy  con¬ 
sumption  of  a  balanced  load  it  is  possible  to  calculate  the  P.F.  by  the  formula 
given  above,  or,  if  one  of  the  instruments  fails  to  register,  it  is  possible  to  calculate 
what  its  record  should  be  from  the  reading  of  the  other  meter  provided  that  the 
average  P.F.  is  known. 
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difference  between  IE  (the  apparent  power)  and  IE  cos  <j>  (the 
true  power);  its  value  is  IE  sin  <fi  and,  just  as  cos  <f>  is  termed  the 
‘power  factor’  (§  56),  so  may  sin  c£  be  termed  the  ‘idle-power 
factor’  or  the  ‘reactance  (or  condensance)  factor.  ’  The  impor¬ 
tance  of  the  wattless  component  of  total  power  is  explained  in 
Chapter  5.  Methods  of  measuring  it  are : — 

(i)  By  ammeter,  voltmeter,  and  P.F.  meter,  the  value  of  sin  <j> 
corresponding  to  the  measured  cos  <£  being  found  from  trigono¬ 
metrical  tables,  and  the  value  of  El  sin  </>  being  then  found  by 
multiplication. 

(ii)  A  dynamometer-type  wattmeter  (§  109),  connected  with 
its  pressure  and  current  coils  90°  out  of  phase,  measures  the  pro¬ 
duct  El  sin  <j>.  With  a  centre-zero  scale  the  instrument  shows 
whether  the  wattless  component  is  lagging  or  leading.  Similarly, 
an  induction  wattmeter  can  be  reconnected  to  indicate  El  sin  <£. 
(See  also  §  116  iv.) 

ill.  Power  Factor  Indicators  or  Phase  Meters. — The 

power  factor  of  a  single  phase  A.C.  circuit  is  the  cosine  of  the  angle 
of  phase  difference  between  the  pressure  and  current  waves  (§  56), 
and  equals  the  ratio  of  true  power  to  volt-amperes  (apparent 
power)  in  the  circuit.  The  same  definition  is  applicable  to  the  P.F. 
of  a  3-phase  system  in  which  the  phase  voltages  are  equal  and  the 
loads  balanced  In  the  case  of  an  unbalanced  3-phase  system  the 
P.F.  may  be  different  in  the  several  phases  and  the  definition  and 
determination  of  the  mean  P.F.  becomes  a  matter  of  difficulty. 
For  most  practical  purposes  it  is  sufficient  to  take  as  the  P.F.  of  an 
unbalanced  3-phase  system  the  value  indicated  by  a  3-phase  power 
factor  meter  or  the  value  calculated  from  the  ratio :  True  power 
/  Volt-amperes.* 

The  numerical  value  of  the  power  factor  is  the  same  whether 
the  current  lags  or  leads  with  regard  to  the  line  voltage  by  a  given 
angle  <f> ,  but  lagging  current  has  a#rnuch  worse  effect  on  regulation 
than  leading  current.  On  ordinary  commercial  circuits  the  load 
current  almost  invariably  lags,  but  this  can  be  compensated  by 
various  means  ( see  Chapter  5)  so  as  to  improve  the  mean  P.F.  of 
the  system. 

In  order  that  constant  watch  may  be  kept  upon  this  important 

*  Where  wattless-component  meters  (§  110)  are  used,  this  ratio  may  be  cal¬ 
culated  from :  Mean  P.F.  =  W  /  J(W2  Xa),  where  W  =  reading  of  watt-hour 
meter,  and  X  *  reading  of  wattless-component  meter. 
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operating  characteristic  it  is  necessary  that  power  factor  indicators 
should  be  employed  It  would  be  tedious  and  inefficient  always  to 
calculate  the  P.F.  from  the  readings  of  ammeter,  voltmeter,  and 
wattmeter  (§§  56,  109)  or  from  the  readings  of  two  wattmeters 
(§  110),  though  both  of  these  methods  are  occasionally  useful. 
(See  also  §  91.) 

The  principle  generally  employed  in  power  factor  indicators  is 
that  of  using  two  magnetic  fields,  respectively  in  phase  with  the 
main  current  and  voltage,  to  determine  the  position  of  a  moving 
system  the  spindle  of  which  carries  a  pointer  moving  over  a  scale 
calibrated  in  values  of  cos  <p. 

The  operation  of  the  Everett-Edgcumbe  single-phase  P.F. 
indicator  may  be  explained  by  reference  to  Fig.  19.  The  fixed 
coil  7  is  traversed  by  the  main  current  (or  fed  by  current  trans¬ 
former,  §  108).  The  moving  system, 
which  has  no  control  (§  90),  consists 
of  two  coils  AB  mounted  at  right 
angles  on  the  spindle  which  carries 
the  pointer  P.  The  coil  A  is  in  series 
with  resistance  B,  and  B  is  in  series 
with  a  condenser  G ;  an  inductance 
may  be  used  instead  of  the  condenser, 
but  it  is  not  then  possible  to  get  so 
nearly  90°  phase  difference  between 
the  currents  in  the  two  coils.  When 
the  P.F.  of  the  main  circuit  is  unity  the  current  I  is  in  phase 
with  that  in  A,  therefore  this  coil  lies  parallel  to  the  coils  I.  At 
zero  power  factor  in  the  main  circuit,  the  current  I  is  in  phase 
(or  180°  out  of  phase)  with  the  current  in  B  which  leads  90°  with 
regard  to  the  voltage  E,  hence  the  coil  B  sets  itself  parallel  to  the 
coils  77,  the  pointer  being  then  horizontal  and  pointing  to  the  left 
if  the  main  current  be  lagging,  and  to  the  right  if  the  main  cur¬ 
rent  be  leading.  For  intermediate  values  of  P.F.  the  pointer  takes 
up  a  position  intermediate  between  these  extremes.  At  unity  and 
zero  power  factor  the  position  of  the  pointer  is  independent  of 
frequency,  but  the  division  of  current  between  A  and  B  varies  with 
frequency,  hence  the  reading  at  intermediate  values  of  power  factor 
is  affected  by  frequency  and  this  instrument  must  be  calibrated  for 
the  frequency  on  which  it  is  to  be  used. 

For  3 -phase  systems  two  different  instruments  are  used  ac- 


Fig.  19. — Single-phase  power 
factor  meter. 
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cording  to  whether  the  load  is  balanced  or  unbalanced;*  the 
general  principle  of  operation  is,  however,  the  same  as  already  de¬ 
scribed.  The  instrument  for  use  on  balanced  3-phase  systems  em¬ 
bodies  a  fixed  coil,  carrying  the  main  or  transformed  current  of 
one  phase,  and  three  pressure  coils  attached  to  a  pivoted  spindle 
which  carries  the  pointer.  Each  of  the  three  coils  has  one  end 
connected  through  a  resistance  to  one  of  the  phases,  the  other  ends 
being  joined  up  together  to  form  a  neutral  point.  Three-phase 
currents  flowing  in  these  coils  induce  a  rotating  field,  and  the 
system  will  set  itself  in  such  a  position  that,  at  the  moment  the 
current  in  the  fixed  coil  reaches  its  maximum  value,  the  field  due 
to  the  moving  system  lies  along  its  axis.  In  the  instrument  for 
unbalanced  3-phase  loads,  three  fixed  coils  are  employed,  one  on 
each  phase ;  the  moving  system  then  takes  up  a  position  correspond¬ 
ing  with  the  average  power  factor  of  the  main  circuit,  while  each 
phase  can,  if  desired,  be  separately  tested  by  means  of  a  short- 
circuiting  plug.  Both  the  ‘  balanced 5  and  the  ‘  unbalanced  *  3-phase 
P.F.  indicators  are  unaffected  by  changes  in  voltage,  temperature, 
frequency  or  wave  form. 

The  Nalder-Lipman  moving-iron  power  factor  indicator  for 
single  phase  and  for  polyphase  balanced  or  unbalanced  loads  is 
characterised  by  the  fact  that  the  moving  system  consists  only 
of  thin  iron  vanes  carried  by  a  spindle  which  is  built  up  of 
magnetic  and  non-magnetic  portions.  Two  sets  of  fixed  coils  are 
employed,  viz.  the  ‘  field  ’  coils  energised  by  the  line  currents,  and 
the  4  magnetising  ’  coils  energised  by  the  line  voltage  (through 
transformers  in  both  cases  if  the  load  exceeds  30  A  at  650  V). 
The  ‘  field  ’  (current)  coils  are  placed  with  their  axes  parallel  to 
each  other  and  in  separate  planes.  The  iron  vanes  lie  in  these 
planes  and  are  set  at  angles  corresponding  to  the  phase  displace¬ 
ment  of  the  currents  in  the  phases  of  the  main  circuit  (90°  and 
120°  for  the  2-phase  and  3-phase  instruments  respectively).  The 


*  The  requirements  for  measuring  the  P.P.  of  a  polyphase  system  are  as 
follows : — 


Coils  required 
With  Balanced  Load. 


Coils  required 
With  Unbalanced 
Load. 


For  a  2-phase  or  4-phase  (Either  2  current  and  X  pressure 
circuit  .  .  .  .  \  or  1  current  and  2  pressure. 

,  .  .  f Either  3  current  and  1  pressure 

For  a  3-phase  circuit  .  .  |  or  x  ourreat  and  3  pressure. 


12  current  and  2 
J  pressure. 

}3  current  and  3 
pressure. 
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(  magnetising  ’  (pressure)  coils  magnetise  the  corresponding  vanes 
of  the  moving  system  periodically  and  in  correct  sequence,  and 
the  vanes  are  subject  to  the  directive  pulsating  magnetic  forces 
produced  by  the  ‘ field’  coils.  For  every  value  of  main  circuit 
P.F.  there  is  a  position  of  the  moving  system  in  which  the  latter 
is  in  equilibrium ;  this  position  is  indicated  by  the  pointer  and 
forms  a  measure  of  the  power  factor.  The  readings  are  unaffected 
by  changes  in  current,  pressure,  or  temperature  and,  over  a  wide 
range,  by  changes  in  frequency  or  wave  form.  Since  no  current 
has  to  be  carried  into  the  moving  system,  the  latter  is  quite  free 
from  control  and  the  scale  is  a  complete  circle  (360°).  Leading 
and  lagging  power  factors  are  indicated  respectively  in  the  right- 
and  left-hand  quadrants  of  the  upper  semi-circle  and  in  the 
diametrically  opposite  quadrants  of  the  lower  semi-circle.  The 
direction  of  current  flow  determines  in  which  of  two  opposite 
quadrants  the  pointer  stands  for  any  particular  P.F.  The  con¬ 
nections  are  such  that  the  pointer  is  in  the  upper  semi-circle  when 
the  power  flow  is  forward,  i.e.  from  generator  to  line.  In  inter¬ 
connecting  or  ‘  tie  ’  lines  the  power  flow  may  be  in  either 
direction. 

Yalues  of  P.F.  commonly  found  in  practice  are  given  in  §  157. 

Phase  rotation  indicators  are  discussed,  together  with  syn¬ 
chroscopes in  connection  with  the  paralleling  of  generators 
(§§  148,  149). 

II 2.  Frequency  Meters. — One  method  of  determining  the 
frequency  of  an  A.C.  supply  is  to  use  the  alternations  of  the 
latter  to  set  in  vibration  a  number  of  metal  reeds  of  known  and 
graduated  natural  frequencies  ;  that  reed,  the  mechanical  fre¬ 
quency  of  which  corresponds  to  the  frequency  of  the  A.C.  supply, 
is  set  into  vigorous,  resonant  vibration  and  thus  indicates  the 
frequency  in  question.  A  number  of  other  frequency  meters 
utilise  in  one  way  or  another  the  fact  that  the  reactance  of  an 
inductance  (§  44)  or  the  condensance  of  a  capacity  (§  46)  varies 
with  the  frequency  of  the  current  passing  through  them;  this 
characteristic,  which  makes  the  accuracy  of  some  instruments 
dependent  upon  constant  frequency  ( e.g .  the  single-phase  P.F. 
indicator,  Fig.  19,  §  111)  can  be  used  as  a  measure  of  frequency. 
The  associated  principle  of  electrical  resonance  (§  47)  is  also  em¬ 
ployed. 

For  testing  purposes  a  frequency  meter  may  need  a  wide 
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range  of  measurement  (say  from  15  to  100  cycles  per  sec.  for 
commercial  supplies),  but  under  working  conditions  the  periodicity 
of  any  particular  A.C.  supply  varies  but  little,  and  an  open  scale 
with  a  range  of  a  few  cycles  per  sec.  (say  from  47  to  53  cycles) 
is  required.  In  the  absence  of  a  frequency  meter,  the  frequency 
of  supply  can  be  calculated  from— 

(Revs.  per  sec.  of  alA  (No.  of  pairs  of  poles] 
Cycles  per  sec.  =  -jternator  or  synch- r  x  -  in  the  alternator  orV 
\ronous  motor.  J  [motor.  J 

Reed-type  Frequency  Meter . — A  number  of  steel  springs  of 
different  natural  frequencies  ( i.e .  miniature  tuning-forks)  are 
mounted  parallel  to  the  core  of  an  electromagnet  which  is  excited 
from  the  circuit,  the  frequency  of  which  is  to  be  measured.  One 
end  of  each  spring  is  fixed  and  the  other  is  bent  inwards  so  as 
nearly  to  touch  an  iron  disc  attached  to  one  end  of  the  magnet 
core.  All  the  reeds  are  thus  subjected  to  a  periodic  attraction, 
the  frequency  of  which  is  twice  the  frequency  of  the  supply 
current  (because  each  half  wave  produces  an  attraction).  That 
reed,  the  natural  frequency  of  which  equals  twice  the  frequency 
of  the  A.C.,  vibrates  in  resonance  and  its  bent-over  end  appears 
as  a  radial  white  line;  the  other  reeds  remain  nearly  or  quite 
stationary.  Against  each  reed  (or  every  fifth  reed)  there  is 
marked  on  the  scale  the  supply  frequency  corresponding  to 
resonance  of  that  reed. 

It  is  sometimes  useful  to  know  that  the  range  of  a  frequency 
meter  of  this  type  can  be  doubled  by  polarising  the  magnet 
(by  a  D.C.  winding  or  a  permanent  magnet)  so  as  to  neutralise 
the  effect  of  alternate  half-waves  of  the  A.C.  The  number  of 
attractions  on  the  reeds  is  thus  halved  and  the  frequency  corre¬ 
sponding  to  the  resonant  reed  is  twice  that  shown  by  the  scale. 

The  Weston  frequency  meter  works  on  a  different  system. 
In  this  instrument  there  are  two  fixed  coils  each  made  up  of  two 
sections  wound  flat,  of  which  one  is  slipped  inside  and  at  right 
angles  to  the  other.  The  movable  system  consists  of  an  iron 
needle,  a  pointer,  and  a  single  vane  air  damper,  no  control  springs 
being  required.  The  connections  are  shown  in  Fig.  20.  The 
fixed  coils  are  in  series  across  the  line  with  a  reactance  Xx  in 
series  with  one  and  a  resistance  R2  in  series  with  the  other ;  a 
resistance  Rx  is  in  parallel  with  the  former  and  a  reactance  X2 
von.  1.  145  10 
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with  the  other.  The  whole  combination  is  then  in  series  with  a 
further  reactance  X .  The  circuits  as  shown  form  a  balanced 
Wheatstone  bridge  (§  120)  at  normal  frequency,  but  any  change 
of  frequency  is  accompanied  by  a  corresponding  shift  of  the  re~ 
sultant  field  of  the  fixed  coils,  which  is  indicated  by  the  pointer 
on  an  open  scale. 

In  the  British  Thomson-Houston  frequency  meter  a  curved 
iron  core  is  excited  by  a  coil  connected  to  the  A.C.  supply.  A 
moving  coil  is  connected  to  a  condenser  and  is  so  pivoted  that  it 
can  move  along  the  curved  iron  core  towards  or  away  from  the 
fixed  coil.  The  moving  coil  acts  as  the  secondary  of  a  trans¬ 
former  (the  fixed  coil  being  the  primary)  and  it  always  sets  itself 
so  that  its  inductance,  which  varies  with  the  position  of  the 


Fig.  20. — Diagram  of  Weston  frequency 
meter. 


Fig.  21. — Diagram  of  Lipman-Nalder 
frequency  meter. 


coil  along  the  core,  and  the  capacity  of  the  condenser  to  which 
it  is  connected  are  in  resonance  (§47)  with  the  supply  frequency. 
Harmonics  in  the  supply  wave  have  little  effect  on  the  flux 
threading  the  moving  coil,  hence  the  instrument  is  practically 
unaffected  by  wave  form ;  neither  is  it  affected  by  wide  variations 
in  supply  voltage.  The  moving  coil  carries  a  pointer  which  moves 
over  a  scale  calibrated  in  frequencies.  If  the  frequency  be 
constant  the  instrument  can  be  calibrated  to  measure  inductances 
or  capacities  connected  in  the  circuit  of  the  moving  coil. 

The  Wild  frequency  meter  uses  two  electromagnets,  the 
winding  of  one  being  of  high  inductance  and  low  resistance,  and 
that  of  the  other  being  of  low  inductance  and  high  resistance. 
The  two  windings  are  connected  in  parallel  and  the  current 
through  the  inductive  circuit  varies  inversely  with  frequency, 
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whilst  that  through  the  other  circuit  is  practically  independent  of 
frequency  (§  44).  In  the  air  gaps  of  the  two  magnets  lie  the 
diametrically  opposite  sector-shaped  blades  of  an  aluminium  vane 
which  is  mounted  on  a  spindle  without  control.  The  position 
of  the  vane,  and  therefore  of  the  pointer,  depends  solely  on  the 
relative  flux  produced  by  the  two  magnets  which,  in  turn,  de¬ 
pends  only  on  the  supply  frequency.  The  instrument  is  con¬ 
nected  in  series  with  a  choking  coil  which  smooths  out  harmonics 
and  makes  the  readings  practically  independent  of  wave  form. 

The  Nalder  and  Thompson  ( Lipman )  frequency  meter  depends 
on  the  fact  that  the  P.F.  of  a  circuit  containing  inductance  and 
capacity  varies  widely  with  change  in  frequency  round  about  the 
value  of  frequency  for  which  the  circuit  is  in  resonance  (§47) 
The  P.F.  of  such  a  circuit  can  thus  be  made  a  measure  of  fre¬ 
quency.  The  instrument  described  is  broadly  similar  to  the 
Lipman  P.F.  meter  (§  111),  but  the  connections  are  such  that  the 
position  of  the  pointer  varies  with  the  P.F.  of  the  magnetising 
circuit  of  the  instrument  itself.  Referring  to  Fig.  21,  the  supply 
of  which  the  frequency  is  to  be  measured  is  brought  to  the 
terminals  TT,  between  which  there  are  three  parallel  paths 
through  the  instrument.  The  branch  Ba  is  of  high  resistance 
and  low  inductance,  whilst  the  branch  Lb  is  of  high  inductance 
and  low  resistance.  The  vanes  AB  on  the  spindle  are  thus 
subjected  to  magnetic  fields  differing  practically  90°  in  phase. 
The  magnetising  coil  M  surrounds  the  spindle  (which  is  of 
magnetic  material  between  A  and  B),  and  the  inductance  of  M 
and  capacity  of  G  are  such  that  this  circuit  is  in  resonance  at, 
say,  50  cycles  per  sec.  At  higher  frequencies  the  inductance  of 
M  preponderates  and  the  current  lags  behind  the  E.M.F.  pro¬ 
ducing  it.  At  lower  frequencies  the  current  leads  with  regard  to 
the  E.M.F.  Thus  the  phase  of  the  field  produced  by  M,  and 
polarising  the  vanes  AB,  varies  with  the  frequency  (which  does 
not,  however,  affect  the  phase  of  the  fields  produced  by  aa  and 
bb).  The  position  taken  up  by  the  moving  system  thus  depends 
only  on  the  phase  of  the  field  produced  by  M,  i.e.  upon  the  fre¬ 
quency  of  the  supply  connected  to  TT.  The  range  and  form  of 
the  scale  can  be  varied  by  altering  the  electrical  characteristics  of 
the  instrument  circuits  or  the  setting  of  the  iron  vanes.* 

1 13.  Supply  Meters. — Though  these  instruments  are  also  used 


See  also  Electrician,  Vol.  87,  p.  468. 
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to  measure  the  total  energy  supplied  to  feeders,  etc.,  the  usual 
function  of  supply  meters  is  to  measure  (directly  or  indirectly) 
the  energy  supplied  to  individual  consumers,  thus  providing  the 
basis  on  which  to  charge  for  the  supply.  The  energy  (kWh) 
supplied  to  a  D.C.  circuit  is  ( Elt  J  1  000)  kWh;  to  a  single-phase 
A.C.  circuit  ( Elt  cos  </>)  /  1  000  kWh ;  and  to  a  3-phase  circuit 
(tjS'EIt  cos  (j>)  J  I  000  kWh,  where  E  =  D.C.  voltage  or  voltage 
between  A.C.  phases ;  I  =  line  or  phase  amperes ;  t  =  time  of 
flow  of  this  current  in  hours;  and  cos  </>  =  P.F.  of  A.C.  circuit. 
Thus  to  measure  the  true  energy  supplied  we  need  a  meter  which 
takes  into  account  E ,  /,  t,  and  cos  <£ ;  such  an  instrument  is  a 
watt-hour  meter  (§  115).  The  degree  of  constancy  in  the  voltage 
of  commercial  supply  is,  however,  such  *  that  E  may  be  assumed 
to  be  constant ;  on  this  assumption,  and  if  cos  </>  be  constant  in 
the  case  of  A.C.  supply,  the  true  energy  supplied  is  proportional 
to  the  product  I  x  t,  i.e.  an  ampere-hour  meter  (§  114)  may  be 
calibrated  to  indicate  directly  in  kWh  at  stated  voltage.  If  the 
actual  voltage  differs  from  the  declared  value  the  error  in  the 
kWh-indication  of  an  ampere-hour  meter  is  proportional  to  the 
difference  between  the  actual  and  declared  voltages. 

Watt-hour  meters  record  the  actual  energy  supplied  whatever 
the  voltage  variation,  but  they  involve  a  pressure  circuit  in  which 
there  is  a  continuous  dissipation  of  energy,  whether  the  consumer 
is  taking  current  or  not.  The  energy  dissipated  in  the  pressure 
circuit  is  not  recorded  by  the  meter  ( cf .  Fig.  15,  §  110)  and  repre¬ 
sents  a  serious  loss  to  the  supply  authority  if  many  such  meters 
are  installed  on  the  premises  of  small  consumers.  Ampere-hour 
meters  avoid  this  loss  and  are  simpler  and  cheaper  in  construction ; 
on  the  average  the  true  voltage  is  likely  to  be  below  as  often  as  it 
is  above  the  declared  value,  but  this  is  always  a  point  of  possible 
contention.  Ampere-hour  meters  give  no  measure  of  A.C.  energy 
unless  the  power  factor  of  the  load  (as  well  as  the  voltage)  is 
constant ;  this  assumption  is  justified  only  in  the  case  of  a  load 
consisting  entirely  of  filament  lamps,  non-inductive  heating 
apparatus,  etc.  With  the  increasing  use  of  electric  motors  for 
domestic  appliances  there  is  less  opportunity  for  using  ampere- 
hour  meters  in  A.C.  systems. 


*  The  statutory  limit  of  variation  is  ±  4  °/0  from  declared  voltage  up  to  3000 
V  and  +  12£  °/Q  if  the  declared  voltage  exceeds  3000  V.  The  declared  frequency 
(cycles  /  sec  )  must  be  maintained  constant  within  +  2J  %* 
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Electrolytic  meters  measure  ampere-hours  by  the  amount  of 
electro-chemical  action  produced  in  an  electrolyte  (§  28),  but  are 
applicable  only  to  D.C.  measurements.  In  motor  meters  a  spindle 
geared  to  a  recording  train  carries  a  driving  disc  which  is  subjected 
to  a  torque  varying  with  the  load  current  (in  ampere-hour  meters) 
or  with  the  watts  (in  watt-hour  meters).  The  spindle  is  also 
subjected  to  a  braking  torque  which  varies  with  the  speed  of 
rotation  of  the  spindle.  When  the  meter  is  running  steadily  the 
driving  torque  is  equal  to  the  braking  torque,  i.e.  the  speed  of 
rotation  varies  with  the  load  current  or  watts.  The  total  revolu¬ 
tions  of  the  meter  spindle  therefore  vary  with  ampere-hours  or 
watt-hours,  as  the  case  may  be,  and  are  recorded  by  a  train  of 
clockwork  which  is  calibrated  in  Board  of  Trade  units  (kWh). 

The  indications  in  the  majority  of  meters  are  shown  on  a 
series  of  dials,  for  units,  tens,  hundreds,  etc.,  actuated  by  a  train 
of  wheels  ;  and  it  is  not  difficult  for  the  inexperienced  to  make  a 
mistake  in  reading,  as  the  hands  are  seldom  in  exactly  their 
correct  positions. 

For  example,  if  the  dials  in  Fig.  22  be  read  from  left  to  right  the  result  might 
he  taken  as  3  209.  If,  however,  the  reading  is  taken  (as  it  should  be)  backwards 
from  the  unit  dial  the  correct  result  will  be  seen  to  be  4  199,  a  very  different 
matter ;  the  last  figure  is  evidently  9 ;  the  next  hand  points  almost  to  0,  and 
therefore  the  last  two  figures  must  be  99.  Obviously,  therefore,  when  we  come  to 
the  hundred  dial  the  hands  must  be  indicating  just  short  of  200,  not  nearly  300,  so 
we  have  199.  The  hand  on  the  thousand  dial  is  pointing  nearly  to  4  000,  but  the 
previous  figures  show  that  it  should  actually  be  over ,  not  under ,  4  000  ;  i.e.  4199, 
not  3  199.  A  mistake  in  meter  reading  does  not  always  matter  seriously ;  in  the 
instance  here  given,  a  reference  to  the  reading  of  the  previous  month  would  gener¬ 
ally  show  up  the  error  at  once,  for  if  the  average  consumption  were  (say)  220  to 
550  units  a  month,  the  previous  correct  record  would  be  3  979  or  3  649  units,  as  the 
case  may  be,  i.e.  higher  than  the  false  reading,  which  must  therefore  necessarily 
be  wrong.  If,  on  the  other  hand,  the  false  reading  gave  too  many  units,  the 
following  month’s  correct  reading  would  give  negative  consumption,  and  the 
error  would  be  detected.* 

To  save  time  in  reading  meters  and  to  reduce  the  risk  of  error  to  a  minimum, 
there  has  recently  been  perfected  a  special  type  of  miniature  camera,  which  is 
applied  to  the  meter  window  by  the  inspector,  and  then  photographs  the  complete 
dial  plate  of  the  instrument  by  electric  light  furnished  by  dry  cells  and  a  glow- 
lamp  included  in  the  equipment.  The  negative  thus  obtained  is  used  by  the 
clerical  department  in  making  out  the  consumer’s  bill,  and  it  is  even  suggested 
that  a  photo-print  might  be  attached  to  the  bill.  There  is  nothing  impracticable 

*  To  bring  home  these  remarks  it  may  be  added  that  a  reviewer  of  the  first 
edition  of  this  book  (Engineering,  2  Nov.,  1917,  p.  476)  stated  that  the  author’s 
own  reading  was  incorrect ;  neither  diagram  nor  text  has  been  altered,  however, 
except  for  italics. 
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in  this  system  of  ‘  meter-reading,’  but  every  supply  engineer  must  decide  for 
himself  whether  it  is  worth  while  employing  it,  under  the  particular  conditions 
of  supply  and  office  organisation  in  the  supply  area  concerned. 

Meters  are  often  provided  with  cyclometer  dials,  giving  the 
indications  in  plain  figures.  In  the  earlier  types  these  were  apt 
occasionally  to  slip  a  notch  and  give  a  reading  10,  100,  or  1  000 
units  in  excess  ;  such  a  mistake  could  only  be  detected  by  the 
comparison  of  one  month’s  consumption  with  another,  and  not 
always  by  this  method.  As  the  actual  reading  of  a  meter  is,  in 
the  absence  of  fraud,  taken  to  be  ‘  conclusive  proof  ’  of  the  con- 


1000  100. 
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Fig.  22. — Illustrating  the  misleading  effect  of  errors  in  the  setting  of  hands 
on  meter  dials. 

The  correct  reading  of  the  dials  shown  is  4199. 

sumption  indicated,  this  source  of  error  was  a  dangerous  one. 
Manufacturers  claim  to  have  cured  the  defect,  but  there  may  still 
be  early  batches  of  these  meters  in  use  ;  the  cause  appears  to  have 
been  due  to  the  gear  wheels  being  only  friction-tight  on  the 
spindles ;  they  should  always  be  rigidly  attached,  so  that  when 
once  accurately  set  they  cannot  alter. 

Electrolytic  meters  are  simple  in  construction,  and  have  no 
moving  parts  and  therefore  no  friction  error ;  no  current  can  pass 
through  the  electrolyte  without  producing  its  share  of  electro- 
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chemical  action,  and  no  current  passes  through  the  meter  when 
the  consumer's  circuits  arc  open.  Periodica  re-setting  ot  the 
measuring  chamber,  etc.,  is  required  but  this  is  a  minor  dis¬ 
advantage.  Electrolytic  meters  are  unsatisfactory  in  very  hot 
climates;  they  have  been  known,  when  disconnected  entirely  from 
the  circuit,  to  record  a  very  large  consumption  of  energy  (hO 
kWh  in  one  day)  owing  to  temperature  effects  at  about  NO'  l4 . 
Any  commutator-type  motor  under  is  subject  to  more  or  less 
error  due  to  variable,  friction  and  electrical  resistance  between 
brushes  and  commutator;  automatic  brush-shifting  gear  is  often 
employed  so  that  the  contact  surfaces  used  when  the  meter  is  on 
very  light  load  are,  kept  in  perfect  condition. 

The  principal  features  of  various  types  of  meters  are  mentioned 
in. the  following  paragraphs  ;  for  detailed  information  reference 
must  1)0  made  to  special  treatises  (’§  125).  Meter  testing  is  din 
cussed  in  Chapter  40. 

114.  Ampere-hour  Meters. . The  quantity  of  electricity  sup 

plied  to  a  circuit  can  he  determined  by  a  current-actuated  device, 
time  being  taken  into  account  by  measuring  the  total  effect  pro 
ducod.  Thus  in  electrolytic  meters  the  amount  of  electrolyte 
decomposed,  or  of  metal  electro-deposited,  is  a  measure  of  ampere 
hours  whilst  in  a  motor  under  the  total  revolutions  of  the  spindle 
form  the  desired  measure. 

Electrolytic  Meters.  The  Hastian  electrolytic  meter  employs 
nickel  electrodes  in  a  solution  of  caustic  soda,  the  level  of  which 
falls  as  the  gaseous  products  of  electrolysis  escape.  A  layer  of 
paraffin  prevents  evaporation,  and  the  level  of  the  electrolyte  is 
read  against  a  scale  which  is  calibrated  in  kWh  (|  lid).  The 
pressure,  drop  in  this  meter  is  2  or  d  V  which  is  prohibitive  where 
heavy  current  circuits  are  concerned.  In  the  Wright  shunted 
electrolytic  meter  alsmt  of  the  main  current  passes  through 
the  motor  and  the  pressure  drop  is  1  V  or  less,  A  solution  of 
a  mercury  salt  is  used  as  electrolyte  and  mercury  is  transferred 
electrolyiically  from  a  reservoir  of  mercury  (forming  the  anode) 
to  an  iridium  cathode,  whence  it  runs  into  a  tube  calibrated  in 
B.O/F.  units.  Electrolytic  meters  with  cnpfier  electrodes  and 
copper  sulphate  solution  as  electrolyte  can  In*  used  con  venienUy  m 
prepayment  meters,  the.  consumption  of  the  prepaid  quantity  of  elec 
tricity  and  the  consequent  opening  of  the  circuit  pending  a  further 
payment,  being  determined  either  by  the  increase  in  weight  of 
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the  cathode  or  by  the  dissolving  of  the  anode  (the  latter  being 
in  strip  form  and  fed  into  the  solution  in  proportion  to  the  pay- 
ment  made). 

Motor  Meters . — In  these  meters  the  current  to  be  measured 
passes  through  an  armature  which  lies  in  the  field  of  a  permanent 
magnet.  In  the  mercury  motor  meter  current  flows  radially 
through  a  copper  disc  mounted  on  the  spindle  and  immersed  in  a 
shallow  chamber  filled  with  mercury ;  a  magnetic  field  perpendi¬ 
cular  to  the  disc  is  produced  by  a  permanent  magnet.  Alterna¬ 
tively,  the  armature  is  bell-shaped,  current  flow  therein  being 
parallel  to  the  spindle,  and  the  armature  rotating  in  an  intense 
radial  field.  Eddy-current  braking  (cf.  damping,  §  90)  is  provided 
in  this,  as  in  all  other  types  of  motor  meters,  and  when  it  is  neces¬ 
sary  to  compensate  for  the  fact  that  the  fluid  friction  in  the  mer¬ 
cury  chamber  rises  more  rapidly  than  is  desired  with  increase  of 
speed,  this  is  done  by  using  an  auxiliary  coil  to  increase  the  driv¬ 
ing  field. 

Commutator-type  meters  have  an  armature  winding  similar 
to  that  of  a  D.C.  motor  with  the  important  exception  that  the 
meter  armature  has  no  iron  core.  The  winding  may  be  drum¬ 
shaped  or  it  may  be  flat  and  enclosed  by  an  aluminium  casing 
which  reduces  windage,  protects  the  windings,  and  acts  also  as 
braking  disc.  In  order  that  the  armature  may  be  wound  with 
fine  wire,  meters  of  this  type  are  generally  shunted ;  the  p.d. 
across  the  shunt  is  about  1  Y  at  full  load.  The  field  is  produced 
by  permanent  magnets. 

Any  motor-type  ampere-hour  meter  with  permanent  magnet 
field  is  reversible  according  to  the  direction  of  the  current  so  that 
if  the  current  is  first  going  through  the  coils  in  one  direction,  as 
when  charging  a  battery,  and  then  in  the  opposite  direction,  as 
when  discharging  the  battery,  the  instrument  will  show  the  differ¬ 
ence  between  the  ampere-hours  passed  through  it  in  the  two 
cases.  Ampere-hour  meters  used  in  this  way  on  electric  battery 
vehicles  (Chapter  36)  to  indicate  the  state  of  charge  of  the  battery 
are  calibrated  in  ampere-hours  (standard  dial  ranges  being  up  to 
100  or  500  Ah).  The  pointer  rotates  clockwise  on  discharge  and 
counter-clockwise  on  charge,  and  stands  at  zero  when  the  battery 
is  fully  charged.  To  allow  for  the  fact  that  the  Ah-input  on 
charge'  is  necessarily  greater  than  the  Ah-output  on  discharge 
(Chap.  18),  the  meter  is  arranged  to  read  correctly,  on  discharge, 


II.  Tinsley  cO  Co. 

Tiir  Drysdale  Wattmeter. 

This  instrument  can  he  calibrated  on  D.C.,  and  will  then  read  accurately  on 
D.G.,  or  single-  or  three-phase  A.C.  circuits.  Metal  parts  are  eliminated  wherever 
possible,  and  the  windings  arc  stranded  to  reduce  eddy  currents.  The  two  systems 
of  the  wattmeter  are  arranged  at  right  angles  so  as  to  have  no  interaction;  if 
desired,  one  system  can  be  used  with  D.C.  and  one  with  A.C.  For  tests  at  veiy  low 
power  factor  (c.g.  on  cables  or  condensers)  the  current  through  one  set  of  coils  can 
be  increased,  so  as  to  magnify  the  deflection. 


Cambridge  <0  Paul  Instr.  Co. ,  Ltd. 

Self-contained  Hotary  Pattern  Wheatstone  Bridge. 

The  set  is  complete  with  dry  battery,  and  the  only  connection  required  is  that 
of  the  unknown  resistance  to  the  terminals  XX.  The  ‘Unipivot’  galvanometer 
requires  no  accurate  levelling.  Measurements  can  be  made,  accurate  to  1  in  500, 
over  the  range  0*01  to  11  110  ohms.  The  rheostat  arm  is  adjusted  by  rotating  the 
drums  shown.  The  value  of  the  unknown  resistance  is  obtained  by  multiplying  the 
reading  on  the  drums  by  the  ratio  employed  ( i.e .  0*1,  1  or  10  according  to  the  key 
pressed). 

[To  face  p.  152. 
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D.C.  Ampere-Hour  Meter. 

This  meter  is  of  the  commu¬ 
tator  motor  type  with  the  armature 
windings  enclosed  in  an  aluminium 
disc.  Hie  magnets  are  of  cobalt 
steel.  The  meter  starts  at  Ti  .  0f 
full-load  current  and  is  accurate 
within  4  %  at  load,  and  within 
?  /o  down  to  *  load.  Tlie  speed 
is  low,  viz.  75  r.]).m.  maximum  ; 
and  the  full  load  torque  is  £C> 
grm. -cm.,  and  is  uniform  except  at 
the  points  of  commutation  when  it 
exceeds  32  grin.-cm.  The  pressure 
drop  is  less  than  1  volt. 


A.C.  Watt-Hour  Meter.  ’ 

shunt-wound  stator  Is  place^^above  °f  the,  induction  motor  type.  A 

rotor  disc  which  is  braked  by  a  nermanem68'^1111^  St  m?r  below’  an  aluminium 
Accuracy,  ±2°/  from  ?5  °l  magnet.  The  principal  data  are* 

or  lagging.  Starts  at  0^5  °/°nf  ^  ^  !°ad  afc  aiM  P-F-  down  to  0*5,  leading 

at  full"  loid.  Fulldoad  torn  {  J  Watfc"  at  1,0  P*F*  speed  40  r.p.m 

polyphase  circuits  two  rotorVscs  Ir^mo^nted ^  l0SS  Ffr  unbalanced 

stator  system.  e  mounfced  on  one  spmdle,  each  witli  its  own 
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but  slow  on  charge  by  an  amount  which,  is  adjustable  up  to  30  °/0 
according  to  the  efficiency  of  the  battery  concerned  * 

115.  Watt-hour  Meters. — The  Thomson- type  watt  •hour 
meter  is  an  ironless  commutator-type  motor,  the  stationary  field 
coils  of  which  carry  the  main  current  (or  a  fraction  thereof) 
whilst  the  armature  is  connected,  in  series,  with  a  suitable  resist¬ 
ance,  across  the  mains.  The  driving  torque  and  meter  speed 
vary  with  the  power  supplied  to  the  load  metered  (0/.  dynamo¬ 
meter  wattmeter,  §  109),  a  brake  disc  rotating  between  the  poles 
of  a  permanent  magnet.  A  compensating  coil  in  series  with  the 
pressure  circuit  aids  the  field  coils  and  produces  a  constant  torque 
compensating  for  the  (assumed)  constant  friction ;  if  the  meter 
be  subject  to  vibration  this  compensating  torque  may  cause 
‘  creeping’  ( i.e .  running  on  no  load).  This  type  of  meter  can 
be  used  for  D.C.  or  A.C.  measurements,  but  the  mercury  motor 
meter  is  more  powerful  and  can  he  used  on  D.C.  systems,  whilst 
the  induction  meter  is  better  than  the  Thomson  type  for  A.C. 
systems. 

The  mercury  motor  watt-hour  meter  is  practically  identical 
with  the  ampere-hour  meter  of  this  type  (§  114)  except  that  the 
field,  in  which  the  armature  disc  rotates,  is  produced  by  an 
electromagnet  excited  by  a  pressure  coil.  This  type  of  meter  is 
not  suitable  for  AC.  measurements  because  of  the  high  inductance 
of  the  pressure  circuit. 

The  principle  of  action  of  induction  watt- hour  meters  is 
identical  with  that  of  induction  wattmeters  (§  109),  and,  like  the 
latter,  these  instruments  are  not  applicable  to  D.C.  measurements. 
In  general,  the  meter  disc  is  placed  between  the  poles  of  one 
electromagnet  excited  by  the  load  current  and  one  excited  by  the 
supply  pressure  (instrument  transformers,  §  108,  being  used  if 
necessary).  The  current  winding  is  of  low  inductance,  but  the 
pressure  circuit  is  made  as  inductive  as  possible.  An  auxiliary 
short-circuited  winding  on  the  pressure  core  produces  some  extra 
lag  and  brings  the  flux  of  the  pressure  magnet  into  quadrature 
with  the  line  voltage.  The  torque  on  the  meter  disc  is  then  pro¬ 
portional  to  the  load  (watts)  supplied.  A  permanent  magnet  em¬ 
bracing  the  disc  at  another  place  produces  eddy-current  braking. 
The  moving  system  consists  only  of  the  disc  and  spindle,  and  two 

*  For  the  Electric  Vehicle  Committee’s  recommendations  concerning  ampere- 
hour  meters  fox  battery  vehicles  see  The  Electric  Vehicle,  Vol.  5,  p.  35. 
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meter  elements  can  easily  be  placed  on  one  spindle  for  measuring 
3-phase  energy  by  the  two-wattmeter  method  (§  110). 

The  Aron  (pendulum)  watt-hour  meter  employs  two  stationary 
solenoids,  traversed  by  the  load  current,  to  accelerate  and  retard 
respectively  two  pendulums,  the  “  bobs  ”  of  which  are  coils  of  fine 
wire  connected,  in  series  with  each*  other  and  a  suitable  resistance, 
across  the  supply  voltage.*  The  difference  between  the  rates  of 
oscillation  of  the  pendulums  is  proportional  to  the  power  supplied, 
and  the  energy  (Wh)  is  recorded  by  a  train  driven  from  the  two 
pendulums  through  a  differential  gear.  The  spring  driving  the 
pendulums  is  wound  electrically  and  difference  between  the 
natural  periods  of  the  pendulums  is  neutralised  by  reversing  every 
10  mins,  the  recording  gear  and  the  current  through  the  pendulum 
coils.  Though  rather  intricate  and  costly  in  construction,  these 
meters  are  precision  instruments  ;  provided  that  the  inductance  of 
the  pressure  circuit  is  low,  they  can  be  used  for  A.C.  measure¬ 
ments.  The  winding  gear  of  the  A.C.  meter  must,  however,  be 
adapted  to  the  frequency  of  supply  concerned. 

Though  theoretically  independent  of  voltage  changes,  any 
watt-hour  meter  should  be  used  on  approximately  the  pressure 
for  which  it  is  designed,  otherwise  the  torque  will  be  unduly  low 
(low  voltage) ;  the  pressure  winding  will  be  overheated  (high 
voltage);  or  the  pressure  flux  will  not  be  proportional  to  the 
voltage  where  iron  cores  are  used. 

116.  Special  Supply  Meters. — Many  instruments  come  under 
this  heading,  but  those  of  general  interest  are  as  follows  : — 

(i)  Prepayment  Meters. — Any  meter  can  be  made  to  operate 
on  the  prepayment  principle  by  adding  to  it  a  mechanism  which 
closes  a  switch  in  the  main  circuit  when  a  coin  is  inserted,  and 
opens  the  circuit  automatically  when  the  amount  of  energy  corre¬ 
sponding  to  the  prepayment  has  been  consumed.  The  trip  gear 
is  actuated  from  the  recording  train,  and  a  further  payment  is 
required  to  restore  supply  after  interruption.  The  electrolytic 
(copper  strip)  meter  is  a  popular  type  (§  114). 

(ii)  Two-rate  Meters. — Any  meter  can  be  provided  with  two 
recording  trains  and  a  change-over  device  operated  electro- 
magnetically  under  the  control  of  a  time-switch.  The  consumptions 
recorded  on  the  two  trains  are  charged  at  different  prices  (§  272). 

*  Where  the  load  is  heavy,  the  pendulums  may  carry  shunted  current  coils, 
the  pressure  coils  being  then  the  stationary  ones. 
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(iii)  Summation  Meters . — These  are  used  to  measure  the  total 
energy  supplied  by  a  station  or  through  a  number  of  circuits. 
Each  machine  or  3-phase  circuit  may  have  its  own  pressure 
and  current  circuits  in  the  meter  operating  on  the  two-watt¬ 
meter  principle  (§  110),  a  number  of  such  elements  operating  on 
one  disc  and  several  discs  being  mounted  on  one  spindle ;  the 
mechanical  effects  of  each  meter  are  thus  added  together.  Alterna¬ 
tively,  the  addition  may  be  effected  on  the  electrical  side,  a  current 
transformer  in,  say,  the  No.  1  phase  of  each  machine  or  feeder 
being  connected  to  a  pair  of  bus  bars  which  serve  the  current 
circuit  of  the  summation  meter.  The  latter  is  then  an  ordinary 
induction  meter  (§  115),  the  pressure  circuit  of  which  is  excited 
by  the  appropriate  phase  of  the  system  (No.  1  phase  in  the  case 
assumed). 

(iv)  Wattless  Component  Meters. — These  are  likely  to  assume 
great  importance  as  the  practice  of  power-factor  correction 
(Chapter  5)  and  of  penalising  low-power  factor  (§  274)  becomes 
more  general.  A  dynamometer  or  induction -type  watt-hour 
meter  can  be  re-connected  to  integrate  the  product  El  sin  6  (§  110) 
thus  measuring  the  wattless  kVA  supplied.  The  charge  to  the 
consumer  is  then  based  on  the  readings  of  a  watt-hour  meter  and 
a  wattless  kVA  meter,  or  on  the  reading  of  a  watt-hour  meter  and 
the  mean  RF.  of  the  load  as  calculated  from  the  readings  of  the 
two  meters  (§111).  For  further  information  on  meters  for 
measuring  wattless  or  total  power  see  El.  Rev.,  Vol.  87,  pp.  452, 
505. 

1 17.  Maximum  Demand  Indicators. — The  importance  of 
the  maximum  power  demanded  in  any  consumer’s  circuit  is  ex¬ 
plained  in  §  260.  Just  as  ampere-hours  can  be  taken  to  be  a 
measure  of  watt-hours  in  a  constant- voltage  system  (§  114),  so 
can  the  maximum  current  be  taken  as  a  measure  of  the  maximum 
power  demanded.  An  indicating  ammeter  with  an  auxiliary 
pointer,  carried  forward  by  the  main  pointer  and  left  at  the  maxi¬ 
mum  deflection  of  the  latter,  would  show  the  actual  maximum 
current,  but  it  is  necessary  to  discriminate  between  momentary 
heavy  current,  due  to  motor  starting,  short  circuit,  etc.,  and 
maximum  demand  sustained  for  such  period  (15-60  mins.)  as  to 
preclude  accidental  or  transitory  demands.  The  requisite  time  lag 
may  conveniently  be  introduced  by  using  the  heating  effect  of  the 
current. 
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In  the  Wright  demand  indicator  a  heating  coil  wound  on  one 
bulb  of  a  differential  thermometer  drives  liquid  into  a  calibrated 
side  tube  to  an  extent  depending  on  the  sustained  maximum 
current.  The  use  of  a  differential  thermometer  eliminates  the 
effect  of  the  general  air  temperature.  While  it  is  reliable  as  a 
rule,  a  device  operating  on  this  principle  lends  itself  to  tampering, 
e.g.  by  artificial  cooling,  when  an  exceptionally  heavy  load  is 
required. 

A  maximum  demand  indicator  described  by  Lincoln  * 
operates  on  the  thermal-storage  principle  and  has  a  pointer, 
the  deflection  of  which  is  determined  by  the  difference  between 
the  heating  of  two  bi-metal  spiral  springs.  These  springs  are 
enclosed  in  capsules  which  are  heated  by  resistances  so  connected 
that  the  difference  in  heating  is  proportional  to  the  watts  supplied  in 
the  main  circuit.  The  maximum  deflection  of  the  pointer,  during 
the  period  over  which  the  demand  is  assessed,  is  indicated  by  a  pilot 
pointer.  It  is  claimed  that  this  device  has  the  same  heating 
characteristics  as  the  machines  and  cables  in  the  supply  circuit. 

Another  principle  is  to  introduce  heavy  damping  (§  90),  by 
glycerine  or  otherwise,  in  a  current-indicating  mechanism  which 
is  operated  electromagnetically. 

The  Merz  maximum  demand  indicator  uses  an  auxiliary  re¬ 
cording  train  and  pointer  to  record  the  maximum  advance  of  the 
main  recording  train  of  the  meter  to  which  it  is  fitted,  during  a 
predetermined  period.  At  the  end  of  every  period  (15-60  mins.), 
the  auxiliary  train  is  returned  to  zero,  but  its  pointer  is  left  at  its 
maximum  deflection  and  is  not  again  moved  forward  until  a 
higher  consumption  occurs  during  some  subsequent  period. 

Maximum  demand  indicators  are  generally  re-set  quarterly 
.  when  the  meter  is  read. 

118.  Ondographs  and  Oscillographs. — The  wave  form  of 
alternating  current,  pressure,  or  power  can  (if  constant)  be  plotted 
by  the  point-by-point  method  or  recorded  automatically  by  an 
ondograph  which  works  on  this  method.  In  either  case,  a  disc 
carrying  a  contact  pin  is  mounted  on  the  shaft  of  the  supply 
alternator  or  on  the  shaft  of  a  synchronous  motor  driven  from 
the  supply  to  be  investigated.  A  stationary  contact  brush 
touches  the  contact  pin  once  per  revolution,  and  thus  connects  the 
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supply  momentarily  to  an  indicating  instrument  which  shows  the 
instantaneous  value  of  the  current,  pressure,  etc.,  under  investiga¬ 
tion.  By  advancing  the  contact  brush  between  readings,  and 
taking  a  sufficient  number  of  observations,  the  instantaneous 
values  of  the  wave  can  be  determined  throughout  a  complete 
cycle.  In  the  ondograph  the  brush  is  advanced  automatically 
and  a  recording  instrument  records  the  successive  instantaneous 
values ;  a  complete  cycle  can  thus  be  recorded  in,  say,  -1  min.,  by 
readings  taken  from  about  1  000  successive  cycles.  To  trace  a 
pressure  wave  by  the  point-by-point  or  ondograph  method,  the 
indicating  or  recording  instrument  is  connected  across  the  supply 
mains  ;  for  a  current  curve  it  is  connected  across  a  non-inductive 
shunt  (§  107)  in  the  main  circuit;  and  for  a  power  wave  a  watt¬ 
meter  is  used. 

The  oscillograph  is  a  much  simpler  instrument  than  the  ondo¬ 
graph  and,  having  no  appreciable  lag,  it  is  able  to  follow 
accurately  all  the  variations  in  every  cycle  of  an  A.C.  wave,  thus 
providing  a  continuous  indication  or  record  and  making  possible 
examination  of  transient  or  non-periodic  as  well  as  periodic  waves. 
A  small  mirror  (actuated  electromagnetically  or  by  a  hot  wire  or 
electrostatic  instrument)  deflects  a  spot  of  light  proportionally  to 
the  instantaneous  values  of  the  quantity  to  be  measured.  The 
movements  of  the  spot  may  be  recorded  on  a  falling  or  rotating 
photographic  plate  or  film.  Alternatively  the  oscillating  spot 
may  be  focussed  on  a  plane  mirror  which  is  itself  oscillated  by  a 
cam  on  the  shaft  of  a  synchronous  motor  driven  from  the  supply 
investigated.  A  second  movement  (proportional  to  time)  is  thus 
imparted  to  the  spot  which  then  falls  on  a  screen  and  traces  the 
complete  wave  form ;  retentivity  of  vision  makes  the  moving  spot 
appear  as  a  continuous  line.  Photographic  recording  is  alone 
suitable  for  the  investigation  of  a  particular  series  of  waves,  e.g . 
switching  surges,  etc. 

The  Duddell  oscillograph  uses  a  loop  of  phosphor  bronze  strip 
stretched  in  the  narrow  air  gap  of  a  permanent  magnet  or  of 
an  electromagnet  with  constant  excitation.  The  instrument 
thus  belongs  to  the  moving-coil,  permanent  magnet  class 
(101  a).  At  any  moment  current  flowing  up  one  side  of  the  loop 
flows  down  the  other  side,  and  since  both  sides  lie  in  the  same 
magnetic  field,  one  moves  forward  and  the  other  moves  backward 
(§  33).  A  small  mirror  attached  to  the  two  sides  of  the  loop  is 
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thus  tilted,  and  the  spot  reflected  by  it  is  deflected  through  a 
distance  proportional  to  the  current  in  the  strip,  the  sensitivity 
being  about  300  mm.  deflection  per  ampere  at  a  distance  of  50  cm. 
According  to  the  strength  of  the  magnetic  field,  the  dimensions  ol’ 
the  strips,  etc.,  the  natural  period  of  vibration  is  from  « „'o o  t‘> 
Tzfrsx;  see.;  waves  up  to  500  cycles  per  sec.  or  even  higher 
frequencies  can  be  traced,  and  the  oscillograph  can  be  insulated 
for  use  on  50  000  V  circuits. 

In  the  Irwin  hot-wire  oscillograph  the  A.C.  to  be  investigated 
is  passed  through  a  loop  of  fine  wire,  and  a  polarising  direct 
current,  fed  into  the  centre  of  the  loop,  flows  through  the  two 
halves  of  the  latter  in  parallel.  The  resultant  current  in  one 
half  of  the  loop  is  the  sum  of  the  A.C.  and  D.C.,  and  in  the  other 
half  is  the  difference  of  the  A.C.  and  D.C.  The  difference  in  ex¬ 
pansion  of  the  two  sides  then  varies  directly  with  the  instantaneous 
values  of  the  A.C.  (not  with  their  squares),  the  D.C.  being  con¬ 
stant.  This  difference  in  expansion  is  used  to  tilt  a  small  mirror. 
A  compensating  circuit  prevents  any  lag  in  the  heating  of  the 
wires.  No  field  magnets  are  required,  hence  the  instrument  is 
much  smaller  than  the  Duddell  instrument ;  its  range  of  applica¬ 
bility  is  practically  the  same. 

Either  the  Duddell  or  the  Irwin  oscillograph  can  be  used  to 
trace  pressure  and  current  waves  simultaneously,  a  fixed  mirror 
providing  a  zero  line  and  two  moving  systems  being  connected 
respectively  across  the  mains  (in  series  with  resistance)  and 
across  a  non-inductive  shunt  in  the  main  circuit.  The  Irwin 
oscillograph  can  be  arranged  to  trace  a  power  curve  if  required. 

Where  very  high  pressures  (up  to  250  kV)  are  concerned,  the 
insulation  and  series  resistance  required  by  current-carrying 
oscillographs  become  inconvenient  or  impracticable.  In  such 
cases  and  even  at  lower  pressures  (down  to  5  kV)  the  electro¬ 
static  oscillograph  offers  advantages.  The  principle  employed  is 
identical  with  that  of  the  electrostatic  voltmeter  (§  103),  a 
phosphor  bronze  or  steel  strip  or  strips  oscillating  in  an  electro¬ 
static  field  produced  between  plate  electrodes  connected  to  the 
pressure  under  investigation,  this  motion  being  imparted  to  the 
mirror  which  reflects  the  indicating  spot  of  light.  Currents  of 
1  mA  or  less  can  be  recorded  by  connecting  the  instrument  across 
a  non-inductive  shunt  which  must,  however,  be  of  very  high  re¬ 
sistance  (some  megohms)  in  order  to  provide  a  suitable  operating 
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P.D.;  such  conditions  arise  when  testing  dielectrics.  The  electro¬ 
static  oscillograph  can  be  used  for  frequencies  of  some  thousands 
of  cycles  per  sec. 

The  cathode  ray  oscillograph  utilises  the  fact  that  a  cathode 
ray  is  deflected  by  electrostatic  or  electromagnetic  forces.  The 
ray  passes  between  two  electrodes  connected  to  the  pressure  under 
investigation,  and  also  between  field  coils  which  impart  to  it  a 
second  motion  proportional  to  time.  It  then  falls  upon  a  fluores¬ 
cent  screen  where  it  produces  a  loop  or  polar  diagram.  The 
principal  utility  of  this  instrument  is  in  investigating  waves  of 
very  high  frequency,  the  cathode  ray  having  no  inertia.* 

119.  Measurements  of  Resistance.  —  By  an  inversion  of 
Ohm’s  Law  (§17)  R  =  E  / 1  or,  in  words,  the  resistance  (ohms) 
of  a  conductor  equals  the  potential  difference  (volts)  between  the 
ends  of  the  latter  divided  by  the  current  (amperes)  which  it  pro¬ 
duced  This  law,  which  holds  only  when  the  three  factors  are 
unvarying,  may  be  applied  to  the  determination  of  resistances 
from  voltmeter  and  ammeter  readings.  Referring  to  Fig.  23  the 
ohmic  resistance  of  any  conductor  or  winding,  R  (whether  in¬ 
ductive  or  not),  can  be  found  by  passing  through  R  a  steady 
D.C.,  the  value  of  which  is  measured  by  an  ammeter,  A  (read¬ 
ing  7),  whilst  the  P.D.  across  the  terminals  of  the  winding  is 
measured  by  a  voltmeter  V  (reading  E) ;  then  R  =  E  /  I  fl. 
The  voltmeter  should  be  of  very  high  resistance  compared 
with  R}  and  it  should  be  connected  across  the  terminals  of  R ; 
the  current  through  V  (which  is  included  in  the  reading  of  A) 
is  then  so  small  as  to  introduce  no  serious  error.  If  V 
were  connected  between  B  and  0  it  would  include  the  pressure 
drop  in  A  which  may  be  quite  appreciable  in  comparison  with 
that  across  R.  This  method  is  useful  for  measuring  the  resistance 
of  machine  windings.f 

High  resistances,  such  as  insulation  resistance,  maybe  measured 
by  applying  say  440  V  or  500  V  to  the  resistance  R  in  series  with 


*  A  convenient  cathode  ray  oscillograph  requiring  an  anode  battery  of  only 
300  V  is  described,  El.  Rev .,  Yol.  91,  p.  783;  and  a  low-voltage,  hot-cathode 
oscillograph  adapted  for  commercial  production  and  of  great  sensitiveness  is  de¬ 
scribed  in  ‘The  Cathode  Bay  Oscillograph,’  by  A.  B.  Wood,  Proc.  Phys .  Soc . 
(London),  Yol.  35,  Pt.  2,  p.  109. 

flf  the  resistance  measured  between  two  line  terminals  of  a  8-phase 
winding  be  B  ohms,  the  resistance  per  phase  is  £  R  if  the  winding  be  star-con¬ 
nected,  and  f  R  if  the  winding  be  delta-connected. 
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a  moving-coil  voltmeter  of  resistance  r  (Fig.  24).  If  V  be  the 
applied  voltage  and  v  the  reading  of  the  moving-coil  voltmeter, 
then  B  I  r  —  (V  -  v)  /  v,  therefore  B  =  r(V  -  v)  f  v  ohms. 

From  the  relation  B  =  E  /  /  it  follows  that  a  D.  C .  ammeter 
can  he  calibrated  to  indicate  resistances  in  ohms  if  the  voltage 
applied  to  the  resistance  be  constant.  This  amounts  to  dispensing 
with  V  (Fig.  23),  and  calibrating  A  to  read  the  values  of  B  corre-* 
sponding  to  various  currents  at  constant  voltage  V ;  the  calibra¬ 
tion  applies  only  to  this  voltage.*  If  the  instruments  V,  A 
(Fig.  23)  he  arranged  so  that  their  pointers  cross,  the  crossing-point 
varies  with  the  ratio  E  / 1  (  =  B)  and  the  corresponding  resistance 
can  be  read  on  curves  mounted  behind  the  pointers  (§  91).  Such 
a  combination  constitutes  a  true  ohmeter  in  that  it  measures 
resistance  independently  of  the  actual  values  of  current  and 
voltage.  The  name  ohmeter  is,  however,  generally  reserved  for 
instruments  which  indicate  resistance  values  by  a  single  pointer 


Fig.  23. — Determining  resistance  from 
ammeter  and  -voltmeter  readings. 


i-VSWVWVNWWW'- 


T-0 - 


L - | /-V - 4*— -7; - >1 


<D 


Fig.  24. — Determining  resistance  by  volt¬ 
meter  readings. 


and  scale,  the  ratio  of  voltage  to  current  then  being  taken  into 
account  in  the  instrument  itself.  Ohmeter,  ohmer,  megger,  and 
omega  are  trade  names  applied  to  various  types  of  direct-reading 
instruments  for  measuring  resistances.  These  instruments  are 
available  for  measuring  resistances  from  a  fraction  of  an  ohm  up  to 
50  or  100  megohms  on  one  or  other  of  several  scales,  a  switch 
determining  the  range.  A  small  hand-driven  magneto  generator 
supplies  the  testing  pressure  of  200,  500,  or  1  000  Y.  The  generator 


*An  interesting  application  of  this  principle  is  in  determining  the  salinity  of 
boiler  feed,  condensate,  etc.  The  electrical  resistance  of  water  falls  rapidly  as  the 
percentage  of  dissolved  matter  increases  (§  69)  and  may  be  taken  as  a  measure  of 
that  percentage,  provided  that  there  is  only  one  substance,  say  salt,  concerned. 
The  water  to  be  tested  flows  through  a  tube  in  which  are  two  electrodes  connected 
in  series  with  a  milliammeter  across  a  constant  supply  voltage.  As  thus  arranged, 
the  ammeter  may  he  calibrated  to  indicate  directly  the  salinity  of  the  water.  An 
ohmeter,  eliminating  the  effect  of  voltage  variations,  may  be  used  for  the  same 
purpose. 
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is  capable  of  giving  only  a  minute  current,  but  it  is  important  that 
it  should  be  a  high-voltage  machine  in  order  that  the  insulation  of 
conductors  and  apparatus  in  ordinary  supply  circuits  may  be  tested 
at  or  above  working  voltage ;  high-voltage  plant  is  tested  by  other 
means  (Chapter  40).  If  there  is  poor  insulation  resistance  so  that 
appreciable  leakage  current  is  passed,  the  pressure  of  the  magneto¬ 
generator  immediately  drops. 

The  principle  of  one  type  of  ohmeter  is  shown  very  clearly  by 
Fig.  25,  this  diagram  being  reproduced  from  Heather’s  Electrical 
Engineering  for  Mechanical  Engineers.  Two  equal  coils  A ,  B 
are  mounted  at  right  angles,  and  along  their  common  diameter  is 
a  spindle  carrying  the  indicating  pointer  and  (at  the  centre  of  the 
coils)  a  small  soft  iron  bar.  One  coil,  B,  is  connected  in  series 
with  a  high  resistance,  R  (by  varying  which  the  range  of  the  in¬ 
strument  is  altered),  and  the  other  coil,  A,  is  in  series  with 


Fig.  25. — Ohmeter  connections. 

the  unknown  resistance,  X ,  connected  between  the  test  terminals. 
The  generator,  G,  is  connected  to  the  two  circuits  in  parallel,  and 
the  distribution  of  current  between  them  is  determined  by  the 
relative  values  of  X  and  R  ( cf .  shunts,  §  107).  The  soft  iron  bar 
on  the  spindle  takes  up  a  position  in  the  direction  of  the  resultant 
field  produced  by  A,  B ;  this  position,  which  is  indicated  by  the 
pointer,  is  a  measure  of  the  relative  values  of  the  currents  in  the 
coils  and  therefore  of  the  resistance  X  ( R  being  fixed  for  each 
range).  The  scale  is  calibrated  in  ohms  or  megohms.  Though  a 
true  ohmeter,  in  that  the  readings  are  independent  of  the  voltage, 
this  instrument  has  weak  operating  forces  and  is  affected  by  stray 
fields.  These  objections  are  overcome  by  using  a  moving-coil 
permanent-magnet  instrument  (§  101  a)  with  two  coils  on  one 
spindle,  one  carrying  a  current  proportional  to  the  pressure  and 
the  other  a  current  proportional  to  the  current  flowing  in  the 
YOL.  x.  161  11 
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resistance  measured  ;  the  position  taken  up  by  the  moving  system 
depends  on  the  ratio  E  f  1. 

The  electrostatic  ohmeter  is  an  electrostatic  voltmeter  measuring 
the  P.D.  across  a  known  resistance  produced  by  the  leakage  current 
through  the  resistance  to  be  measured.  The  polarising  voltage  of 
the  instrument  is  the  same  as  that  used  for  the  resistance  test,  hence 
the  indications  are  independent  of  the  actual  voltage. 

120.  The  Wheatstone  Bridge. — The  principle  of  this  method, 
which  is  used  in  innumerable  forms,  is  illustrated  by  Fig.  26.  Four 
resistances,  including  x  of  which  the  value  is  required,  are  connected 
as  shown;  a  and  b  are  known  as  the  ratio  arms,  and  may  either 
be  of  equal  value  ;  or  as  1  000  to  100  or  as  10  to  1 ;  or  as  1  to  10 
or  100  to  1  000.  The  remaining  arm,  r,  is  the  adjustable  resistance, 
which  is  altered  in  value  until  it  bears  the  same  ratio  to  x  as  a  bears 
to  b.  When  this  is  the  case  the  current  from  tho  battery  will 


Pig.  26. — Wheatstone’s  bridge. 


divide  up  between  the  two  parallel  circuits  and  there  will  he  no 
deflection  of  the  sensitive  galvanometer  G.  Keys  and  Jc2  are 
provided  for  opening  and  closing  the  battery  and  galvanometer 
circuits ;  they  are  generally  placed  one  below  the  other,  so  that  on 
depressing  the  handle  the  battery  circuit  is  closed  first  and  opened 
last.  The  unknown,  resistance  x  =  r  x  b  Ja  when  a  balance  ia 
found,  i.e.  when  there  is  no  deflection  of  G.  As  usually  made,  the 
arms  a  and  b  consist  of  coils  of  1,  10,  100,  and  1  000  A,  and  the 
ratio  arms  actually  used  should  be  chosen  of  the  same  order  of 
magnitude  as  x. 

In  the  Post  Office  bridge  a  number  of  resistance  coils  for  the 
arms.  r>  b  (ri6r-  26)  are  mounted  in  a  Box  and  connected  to 
terminal  blocks  on  the  top  thereof.  By  removing  a  plug  between 
adjacent  blocks  the  resistance  connected  to  those  blocks  is  placed  in 
circuit,  and  the  values  of  the  resistances  are  so  chosen  that  any 
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resistance  between,  say,  0*01  O  and  1  megohm  can  he  measured 
conveniently.  Portable  testing  sets  (§  106)  frequently  embody  a 
bridge  circuit  arranged  on  this  principle,  but  with  dial  switches 
instead  of  plugs  for  varying  the  resistances  in  circuit.  One  of  the 
moving-coil  instruments  in  the  set  may  be  used  as  galvanometer, 
and  small  dry  cells  to  provide  current  for  the  bridge  test  may  be 
placed  in  the  same  case.  Such  sets  may  also  be  arranged  for 
resistance  measurements  by  voltmeter  or  by  voltmeter  and  ammeter 
readings  (§  119);  great  ingenuity  is  displayed  in  multiplying  the 
functions  of  these  sets  and  in  reducing  the  risk  of  damaging  the 
instruments  by  using  incorrect  combinations. 

The  bridge  circuit  shown  in  Fig.  27  may  be  used  to  measure 
the  resistance  of  a  rail-bond  in  terms  of  the  equivalent  longth  of 
solid  rail  without  opening  the  rail  circuit.  Contact  points  ABC 
carried  by,  but  insulated  from,  a  rigid  bar  are  applied  to  the  rail  as 
shown,  and  the  dial-type  variable  resistance  B  is  adjusted  until  the 
galvanometer,  G,  shows  no  deflection.  The  only  current  used  is 
that  flowing  in  the  rail  which  should  be  heavy  at  the  time  of  the 
test,  the  exact  value  being  immaterial.  The  resistance  of  the  bond 
(in  terms  of  the  length  BG  of  solid  rail)  can  be  calculated  by  the 
ordinary  Wheatstone  bridge  formula,  but  it  is  more  convenient  to 
calibrate  the  dial  of  B  to  indicate  directly  the  equivalent  length  of 
rail. 

Any  bridge-circuit  with  non-inductive  resistances  can  be  used 
with  A.C.  to  measure  the  resistance  of  electrolytes  or  of  earth  plate 
circuits  (in  which  polarisation  prevents  accurate  results  being 
obtained  with  D.C.).  When  using  A.C.  the  balance  of  the  bridge 
may  bo  indicated  by  the  more  or  less  complete  cessation  of  buzzing 
in  a  telephone  used  instead  of  a  galvanometer,  or  a  vibration 
galvanometer  (§  96)  may  be  employed. 

Resistance  variations  as  a  measure  of  temperature  are  discussed 
in  §  122 ;  and  leakage  detectors  in  Chapter  40. 

121.  Measurement  of  Magnetic  Flux.— As  in  the  case  of 
electric  current,  magnetic  flux  can  be  measured  by  any  of  the 
effects  which  it  produces  ( e.g .  change  of  electrical  resistance,  in¬ 
duction  of  E.M.F.,  or  development  of  torque  in  conjunction  with  an 
electric  current).  The  flux  traversing  a  known  cross-section 
having-  been  measured  the  flux  density  (§  40)  can  at  once  be 
calculated. 

The  electrical  resistance  of  bismuth  (§  65)  changes  when  the 

163 


ELECTRICAL  ENGINEERING  PRACTICE 


§  122 

metal  is  placed  in  a  magnetic  field,  and  the  resistance  of  a  search 
coil  wound  with  this  metal  can  bo  used  to  measure  fields  of 
2  000  gauss  or  higher  density.  The  temperature  of  the  coil  must 
be  taken  into  consideration  because  this  affects  the  electrical  re¬ 
sistance  and  the  effect  of  the  field  thereon. 

If  a  search  coil  wound  with  copper  wire  be  withdrawn  from 
the  field  to  be  measured,  the  quantity  of  electricity  induced  in 
the  coil  varies  with  the  strength  of  the  magnetic  field  (§  35)  and 
may  be  measured  by  a  ballistic  galvanometer  (§  90)  or  by  a 
Grassot  fluxmeter.  The  latter  is  a  moving-coil  galvanometer 
with  practically  no  mechanical  control ;  the  deflection  varies  with 
the  linkages  cut  (§  36)  and  is  practically  independent  of  the  rate 
of  withdrawal  of  the  search  coil. 

In  a  moving-coil  instrument  (§  1 01)  the  field  is  normally  con¬ 
stant  and  the  current  in  the  coil  is  the  quantity  measured.  For 
the  routine  testing  of  permanent  magnets  a  moving-coil  system 
may  be  built  to  suit  them,  each  magnet  in  turn  being  applied  to 
the  movement.  The  latter  is  connected,  in  series,  with  an  ammeter 
and  regulating  resistance,  to  a  convenient  supply.  The  current 
required  to  produce  a  definite  deflection  of  tin*  testing  movement 
is  then  a  measure  of  the  strength  of  the  magnet  applied  to  its 
pole-pi ecos,  and  the  ammeter  in  the  circuit  may  bo  calibrated  to 
indicate  directly  the  flux  produced  by  the  magnet  tented. 

122.  Measurement  of  Temperatures :  Pyrometry.  Electri¬ 
cal  methods  are  now  used  most  extensively  for  the  measurement 
of  temperature,  the  property  applied  being  either  the  variation  in 
the  electrical  resistance  of  a  conductor  (§  01)  or  the  change  in 
E.M.F.  of  a  thermo-couple  (§  129).  Any  number  of  resistance 
thermometers  or  thermo-couples  can  be  made  to  give  indications 
or  records  at  a  control  station  or  other  central  place  with  which 
they  are  connected  by  small  insulated  wires.  A  change-over 
switch  permits  a  single  indicating  instrument  to  be  connected  to 
any  one  of  any  number  of  thermometers. 

(a)  Resistance  Thermometers .  —  A  resistance  of  platinum, 
nichrome,  or  other  resistance  material  (§  (17)  wound  on  a  mica 
former  and  placed  at  the  point  where  the  temperature  measure¬ 
ment  is  to  be  made  assumes  a  resistance  R(  «  R0(  1  +  at)  (see 
§  61)  whence  t  =  (Rt  -  R0)  /  R0 a.  Actually  this  simple  relation 
between  resistance  and  temperature  does  not  apply  to  very  wide 
temperature  ranges,  the  coefficient  a  then  changing,  but  for  any 
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particular  thermometer  it  is  possible  to  prepare  a  calibration  curve 
so  that  the  temperature  corresponding  to  a  measured  value  of 
resistance  can  be  read  at  once.  With  a  platinum  resistance, 
temperatures  from  -  200°  C.  to  900°  G.  can  be  read  regularly,  and 
at  the  risk  of  rapid  deterioration  temperatures  up  to  1  200°  C.  can 
be  measured.  It  is  said  *  that  the  resistance  of  tin  varies  directly 
with  its  temperature  up  to  1  680°  C.  but  the  metal  melts  about 
232°  C. 

The  mean  temperature  of  a  machine  winding,  etc.,  can  easily 
be  determined  from  its  resistance  when  hot  and  when  at  atmo¬ 
spheric  temperature.  It  will  be  found  that  equation  (2),  §  61,  can 
be  put  in  the  form — 

4  =  {Bh(2 34-5  +  tc)  -  234-5  Bc)  /  Bc 

where  thf  tc  =  the  mean  hot  and  cold  temperatures  of  the  wind¬ 
ing,  in  °C. ;  and  Bhl  B0  =  the  corresponding  resistances  of  the 
winding  as  measured  by  Wheatstone  bridge  (§  120).  Assuming 
the  4  cold  ’  temperature  te  to  be  20°  0.  the  above  formula  reduces 
to — 

Mean  temperature  rise  (°C.)  =  ( Bh  -  Bc )  /  0’  003  93  Iic. 

Instead  of  measuring  the  resistance  of  the  winding  when  hot 
and  cold  and  calculating  the  mean  temperature  rise  as  above,  an 
indicating  ohmeter  (§  119)  may  be  connected  permanently  in 
circuit  and  calibrated  in  degrees  of  temperature.  This  arrange¬ 
ment  is  applicable  only  to  a  D.C.  winding  (field  coil,  etc.),  one  coil 
of  the  instrument  being  connected  in  series  with  and  the  other 
across  the  terminals  of  the  winding;  the  calibration  then  applies 
only  to  the  winding  concerned.  Alternatively,  small  test  coils  may 
be  placed  permanently  at  various  points  in  the  winding,  the  resist¬ 
ances  of  these  being  measured  by  a  bridge  circuit  or  by  an  indicat¬ 
ing  instrument  (calibrated  in  °C.).  The  provision  of  a  number  of 
resistance  thermometers  (or  thermo-couples)  at  selected  points  in 
a  machine-  or  transformer-winding  makes  it  possible  to  locate 
and  observe  the  hottest  point  and  the  ‘  hot  spot  temperature ' 
with  considerable  precision.  This  is  important  because  it  is  the 
maximum  temperature  attained  which  determines  the  life  of  the 
insulation  (§  80).  The  mean  temperature  ripe,  tm,  of  a  winding 
(as  determined  by  resistance  measurements)  is,  almost  invariably, 

*  Jour.  Inst .  of  Metals,  Vol.  22,  p.  396. 
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considerably  less  than  the  maximum  temperature  rise  th.  Accord¬ 
ing  to  Vidmar  the  value  of  th  is  given  by :  th  =  2 tm  -  t0 ;  where 
t0  =  minimum  temperature  rise  on  the  surface  of  the  coil  (measured 
by  mercury  thermometer). 

( b )  Thermo-couples . — The  E.M.F.  of  a  pair  of  similar  thermo¬ 
couples  (§  129)  connected  in  opposition  is  measured  by  a  high- 
resistance  instrument  so  that  the  small  current  flowing  may 
not  cause  appreciable  pressure  drop  (§  24);  this  E.M.F.  forms  a 
measure  of  the  hot-junction  temperature  if  the  temperature  of 
the  cold  junction  be  constant.  The  voltmeter  may  therefore  be 
calibrated  to  indicate  the  temperature  of  the  hot  junction.  Some¬ 
times  the  cold  junction  of  the  couple  can  be  located  where  it  is 
always  at  atmospheric  temperature,  the  indicator  scale  being  then 
set  (automatically  or  otherwise)  to  suit  the  actual  temperature  of 
the  cold  junction.  In  other  cases,  the  cold  junction  is  immersed 
in  oil  in  a  vacuum  flask. 

Almost  any  pair  of  dissimilar  metals  will  develop  a  thermo¬ 
electric  E.M.F.  (this  being  a  possible  source  of  error  in  shunts, 
potentiometers,  etc.),  but  in  choosing  metals  for  a  thermo-couple 
regard  must  be  had  to  the  magnitude  of  the  E.M.F.  developed, 
the  uniformity  of  its  variation  with  temperature,  the  constancy 
of  the  characteristics  of  the  couple,  and  the  temperature  up  to 
which  the  couple  can  be  used.  A  couple  consisting  of  a  platinum 
wire  and  a  wire  of  platinum-rhodium  alloy  can  be  used  up  to 
1  400°  C.  (1  550°  C.  temporarily),  but  the  materials  are  costly  and 
the  E.M.F.  is  low.  Base  metal  couples  give  much  higher  E.M.F. 
but  cannot  be  used  above,  say,  800°  C. ;  this,  however,  covers 
many  industrial  requirements. 

The  approximate  characteristics  of  various  couples  are  given 
in  Table  9;  the  values  of  E.M.F.  are  rough  averages — actually, 
the  E.M.F.  does  not  vary  linearly  with  the  temperature,  and 
every  couple  must  be  used  with  a  calibration  curve  or  with  the 
direct-reading  instrument  for  which  it  is  intended. 

Where  practicable,  couples  for  use  at  high  temperatures  should 
be  sheathed  for  mechanical  protection  and  to  retard  corrosion. 
Nickel-nichrome  couples  can  be  used  bare  for  most  industrial 
measurements  up  to  900°  or  1  000°  C. ;  the  iron-constantan  gives 
a  higher  E.M.F.  and*can  be  used  up  to  nearly  the  same  temperature 
but  is  subject  to  rapid  corrosion.  Copper-constantan  is  an  excel¬ 
lent  couple  for  measurements  at  comparatively  low  temperatures. 
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Couples. 


Couple. 

Average  E.M.F.  Per 
100°  C.  Difference 
Between  Hot  and 
Cold  Junctions. 

Maximum  Tempera¬ 
ture  of  Use  for 
Ordinary  Service. 

im— —  platinum-rhodium  (10  °/0) 

mV 

0‘9-l*l 

°C. 

1  400 

um-;  platinum-iridium  (10  °/G) 

1*2-1 *4 

1000 

- ni°-k:el-chromium  (10  0/o) 

el  - -Alumelt  .  . 

2*0-2*4 

1000 

4*0 

r  ioo 

Const;  suntan  + . 

5*5 

900 

— O  o  st  antan  ..... 

5*5 

800 

: — -Ooixstantan  .... 

5*5 

400 

aermo-. couples  make  possible  the  measurement  of  temperature 
ictdLosxlly  any  point  in  any  apparatus,  and  they  can  be  made 
low  accurately  rapid  variations  in  temperature.  One  indi- 
or  a  multiple  recorder  (§  93)  can  be  used  with  a  great 
>exr  of  couples.  Notes  on  the  manufacture  and  use  of 

io-coiaples  are  given  in  a  paper  reprinted  in  El.  Rev.,  Vol. 

)  Jr&czrcliation  Ryrometers  are  specially  useful  for  temperature 
xirerjo-onts  above  1  000°  C.  A  tube  pointed  towards  the 
,ce  oar  other  hot  body  receives  radiant  energy  (in  amount 
ng  ’with  the  fourth  power  of  the  absolute  temperature)  and 
is  focussed  upon  a  thermo-couple  the  temperature  of 
x  (generally  about  100°  C.)  forms  a  measure  of  the  high 
observed.  The  instrument  in  the  thermo-couple 
t  is  calibrated  to  indicate  the  furnace  temperature  directly. 
0  Ojptical  Pyrometers. — In  one  useful  type,  a  small  lamp 
erx'fc,  viewed  against  the  furnace  as  background,  is  made 
c  increasing  the  current  through  it)  until  it  'matches’ 

urnace  and  disappears.  An  ammeter  in  the  filament  circuit 
Lbxratted  in  degrees  of  temperature.  In  conjunction  with  an 
p-bioxx  screen,  this  pyrometer  can  be  used  to  measure 
3ra/fcxx:res  up  to  3  000°  C. 

)  JML ccgnetic  Pyrometers. — The  fact  that  carbon-steel  becomes 
aatg’Xictic  (§  84)  at  that  temperature  from  which  it  should 
.exxolxed,  to  obtain  the  finest  grain  and  best  hardening  in  the 

)0  °/0  xiickel,  10  °/Q  chromium.  +98  °/Q  nickel,  2  °/0  aluminium. 

1 60  %  copper,  40  °/0  nickel. 
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metal,  has  been  utilised  as  follows :  The  steel  is  heated  in  an 
electric  furnace,  the  heating  winding  of  which  also  magnetises 
the  metal.  When  the  metal  reaches  the  correct  hardening 
temperature  it  becomes  non-magnetic,  and  the  collapse  of.  its 
magnetic  field  induces  a  current  in  an  auxiliary  winding  con¬ 
nected  to  a  galvanometer  or  alarm-relay.  With  a  few  exceptions 
this  method  is  not  applicable  to  the  hardening  of  alloy  steels. 

123.  Measurement  of  Speed  of  Revolution.* — Three  methods 
of  measuring  speeds  of  revolution,  which  depend  upon  electrical 
apparatus  and  are  of  great  service  in  the  operation  and  testing 
of  electrical  machinery,  utilise  respectively :  (a)  the  variation  in 
E.M.F.  of  a  magneto-generator ;  (b)  the  variation  in  frequency 
of  a  magneto-generator  or  a  contact  maker ;  (c)  tint  stroboscopic 
principle. 

(a)  Speed  Measurement  by  Voltage . — The  E.M.F.  of  a  constant 
field  magneto-generator  varies  nearly  in  direct  proportion  to  the 
speed  at  which  the  armature  is  driven.  The  machine  is  therefore 
direct-coupled  or  geared  to  the  shaft,  etc.,  under  investigation, 
and  the  deflection  of  a  voltmeter  connected  to  the  magneto- 
generator  is  read  on  a  scale  calibrate* l  in  revolutions  per  min. 
By  using  a  D.O.  generator  in  conjunction  with  a  centre-zero 
moving-coil  instrument  (§  101)  the  direction  as  well  as  the  speed 
of  rotation  can  be  signalled  at  a  distant  point.  An  A.U.  generator 
of  the  rotating-magnet  type  needs  no  commutator  or  slip  rings, 
and  the  direction  of  rotation  can  still  be  signalled  by  a  phase- 
rotation  indicator  (§  150).  The  scale  of  the  A.U.  indicating 
instrument  is,  however,  less  uniform,  and  the  p>wer  consumption 
is  greater  than  that  of  the  10. (J.  instrument.  special  types  of 
speed  indicators  and  signal  repeaters  are  made  for  use  in  ships, 
aircraft,  and  collieiy  winding. 

(b)  Speed  Measurement  by  Frequency . — The  frequency  of 
the  E.M.F.  developed  by  an  A.U.  magneto-generator  varies 
directly  with  the  speed  of  the  machine.  It  may  be  measured 
by  a  reed-type  frequency  meter  (§  112)  which  is  calibrated  to 
show  the  K.T.M.  of  the  driving  shaft  or  machine.  Alternatively, 
a  contact  maker  driven  by  the  shaft,  etc.,  concerned  may  be 
used  to  make  and  break  a  D.U.  circuit  which  includes  a  reed-type 
frequency  meter  suitably  calibrated.  Speed  measurement  by 
frequency  is  exempt  from  error  due  to  weakening  of  generator 
magnets. 
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(c)  Stroboscopes. — If  a  disc  bearing  any  geometrical  pattern 
(except  a  concentric  circle)  be  mounted  on  the  shaft  of  a  syn¬ 
chronous  motor  and  illuminated  by  an  arc  lamp  connected  to  the 
same  supply  as  the  motor,  the  disc  will  appear  to  be  stationary 
because,  at  the  moments  of  maximum  illumination  from  the  arc, 
the  pattern  on  the  disc  is  always  in  one  of  two  definite  positions 
relative  to  the  poles  of  the  motor  if  the  latter  is  a  two-pole 
machine.  If  the  motor  has  more  than  two  poles  the  pattern  is 
seen  successively  in  a  series  of  definite  positions;  the  apparent 
form  of  the  pattern  is  changed  but,  as  seen,  the  pattern  is 
stationary.  If,  however,  the  motor  driving  the  disc  be  an  in¬ 
duction  motor  the  pattern  seen  will  revolve!  slowly  backwards 
( i.e .  in  the  direction  opposite  to  that  of  the  motor  revolution), 
the  apparent  speed  of  the  pattern  being  the  difference  between 
the  synchronous  speed  of  the  motor  and  the  actual  r.p.m.  of 
the  rotor.  This  difference  is  the  ‘  slip  5  of  the  machine  (Chapter 
28).  The  principle  involved  in  both  the  cases  mentioned  is  that 
of  determining  an  unknown  speed  by  matching  or  comparing  it 
visually  with  a  known  speed  or  frequency;  the  identity  of  or 
difference  between  two  speeds  can  thus  be  determined  with  great 
accuracy  over  a  wide  range  of  values. 

Instead  of  using  the  fluctuating  light  of  an  AC.  arc  as  the 
basis  of  observation,  an  electrically-operated  tuning  fork  carrying 
a  shutter  may  be  used  to  open  and  cover  a  narrow  slit  through 
which  is  viewed  a  disc  marked  with  a  concentric  series  of  toothed 
circles.  If  there  be  n  glimpses  through  the  slit  per  sec.,  and 
if  there  be  M  teeth  in  the  ring  which  appears  stationary,  it  is 
clear  that  the  disc  makes  (1  /  N)  of  a  revolution  in  (1  /  n)  sec., 
‘i.e.  the  speed  of  rotation  is  n  J  N  revs,  per  sec.* 

Special  stroboscopic  discs  are  supplied  which  assume  different 
geometrical  patterns  at  known  speeds,  so  that  from  the  appearance 
of  the  disc  and  the  apparent  direction  and  speed  of  its  rotation 
it  is  possible  to  determine  the  actual  speed  over  a  wide  range, 
with  almost  perfect  accuracy  and  without  taking  any  power  from 
the  machine  under  test.  The  relation  between  speed  and  time 
can  be  determined  very  accurately  by  pressing  the  key  of  a  re¬ 
cording  chronograph  when  the  stroboscope  indicates  known  speeds. 

*  If  there  be  a  larger  ring  containing  2N  teeth  this  will  also  appear  stationary, 
hence  the  above  calculation  must  be  based  on  the  smallest  ring  which  appears 
stationary. 
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Another  application  of  the  stroboscopic  principle  is  to  the 
apparent  arresting  or  slowing  down  of  high-speed  motion  or 
cyclic  events  for  examination  at  leisure.  For  instance,  if  an 
A.C.  arc  be  viewed  through  a  narrow  slot  in  a  disc  driven  by 
an  induction  motor  connected  to  the  same  supply,  the  slip  of  the 
motor  will  cause  the  arc  to  be  seen  at  a  later  moment  in  each 
succeeding  cycle.  If  the  motor  has  p  pairs  of  poles  and  n  °/0 
slip,  the  disc  will  make  (100 — n)  /  np  revs,  before  the  same 
point  in  the  cycle  of  the  arc  is  again  seen.  In  other  words,  if 
a  2-pole  motor  with  2  °/o  slip  be  used,  one  cycle  of  the  arc  will 
(apparently)  be  drawn  out  to  occupy  (100 — 2)  /  2  =  49  revs,  of 
the  disc  or  about  1  sec.  assuming  50-cycle  supply.  By  re- 
tentivity  of  vision  (as  in  a  kinematograph  picture)  the  49 
glimpses  of  as  many  consecutive  cycles  will  appear  as  one  slow 
cycle  accurate,  unless  there  are  differences  between  successive 
actual  cycles  or  unless  irregularities  occur  between  the  points 
‘  glimpsed  ’  (such  irregularities  may  be  detected  by  reducing  the 
slip  of  the  motor,  thus  increasing  the  number  of  glimpses  per 
cycle). 

The  principle  explained  in  the  previous  paragraph  is  employed 
in  the  Elverson  ‘  oscilloscope  ’  or  ‘  slowing-down  ’  lamp.  A  neon 
lamp,  mounted  in  a  reflector  which  screens  the  observer  from 
direct  rays,  is  switched  in  circuit  by  a  contact  maker  driven  from 
the  machine  observed.  If  the  flash  is  produced  at  the  same 
point  in  successive  cycles  of  the  machine's  operation  the  machine 
appears  to  be  stationary.  If,  however,  a  creeper  gear  be  used  to 
advance  the  phase  of  the  flash  by  T-^r  rev.  per  revolution  of  the 
machine,  then  glimpses  from  100  actual  revolutions  appear  as  one 
slow  revolution.  There  is,  in  fact,  an  ‘  optical  gear  ratio  ’  making* 
the  machine  appear  to  run  at  of  its  actual  speed.  By  this 
device  the  conditions  at  a  particular  point  in  the  cycle  of  operation 
or  the  events  of  a  complete  cycle  can  literally  be  seen  under  the 
actual  working  conditions  of  the  machine.  Aero  engines,  gear 
teeth,  chains,  dynamo  brushes,  and  in  fact  the  parts  of  any 
machine,  whether  in  rotation  or  translation,  can  be  examined  and 
vibration  can  be  located  and  analysed. 

124.  Relays. — The  function  of  a  relay  is  to  control  the  open¬ 
ing  or  closing  of  one  or  more  circuits  if  and  when  predetermined 
conditions  arise,  such  as  current  overload,  reverse  power,  etc. 
In  delicacy  of  construction  and  accuracy  of  operation  relays  are 
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comparable  with  instruments,  and  they  are  generally  made  by  in¬ 
strument  makers.  A  relay  to  control  or  be  operated  by  a  certain 
electrical  quantity  generally  works  on  the  same  principle  as  an 
instrument  designed  to  measure  that  quantity ;  indeed,  the  relay 
is  often  identical  with  the  measuring  instrument  except  that  the 
indicating  pointer  and  scale  of  the  latter  are  replaced  by  a  contact 
arm  moving  between  fixed  contacts.  The  functions  and  applica¬ 
tions  of  the  more  important  types  of  relays  are  considered  in 
Chapter  15. 

125.  Bibliography. — ( See  explanatory  note,  §  58.) 
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CHAPTER  4. 

GENERATORS  AND  THEIR  ACCESSORIES. 

126.  Sources  of  Electrical  Energy. — Electricity  being  a  form 
of  energy  it  cannot  be  f  generated  ’  in  the  strict  sense  of  the  word, 
but  can  only  be  obtained  by  conversion  from  some  other  form  of 
energy.  It  is  desirable  that  this  fact  should  be  realised,  but  hav¬ 
ing  emphasised  it,  we  may  follow  universal  practice  by  speaking 
of  electric  4 generators  *  and  the  ‘generation'  of  electrical  energy 
without  qualification.  Probably  every  form  of  energy  can,  by 
appropriate  means,  be  converted  into  electricity,  the  losses  inci¬ 
dental  to  the  conversion  varying  with  the  initial  form  of  energy  and 
with  the  method  of  conversion  employed.  The  principal  sources 
and  methods  known  at  present  are  discussed  in  the  succeeding 
paragraphs ;  they  are: — 

(i)  Electro-chemical  generators  or  primary  cells. 

(ii)  Thermo-couples. 

(iii)  The  piezo-ettect. 

(iv)  Electrostatic  generators. 

(v)  Dynamo-electric  or  electromagnetic  generators. 

Of  these  well-defined  types  only  the  electro-chemical  and  dynamo- 
electric  generators  are  of  any  importance  as  sources  of  electricity 
for  lighting,  power,  and  similar  commercial  purposes ;  and  for  all 
but  weak  currents,  or  under  special  circumstances,  dynamo-electric 
generators  are  alone  employed.  W ithout  dynamo-electric  machines 
electrical  engineering,  as  we  know  it,  would  be  non-existent,  but 
the  other  sources  of  electricity  are  of  definite  importance. 

127.  Electro-Chemical  Generators :  Primary  Batteries. — 
Although  the  terms  are  used  somewhat  indiscriminately,  a 
‘battery’  more  properly  consists  of  a  number  of  single  ‘cells1 
connected  together — each  cell  consisting  of  two  plates  or  elements 
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of  dissimilar  substances  (one  electro-positive  to  the  other,  vide 
Table  10)  in  a  bath  of  ‘  electrolyte  ’  which  has  a  chemical  affinity 
for  one  or  both  of  them.  Between  the  two  plates  there  will  then 
be  a  fixed  difference  of  potential,  and  if  they  are  connected  to¬ 
gether  externally,  a  current  will  flow  in  the  circuit  in  accordance 
with  Ohm's  Law  (§17  as  modified  in  §  21).  The  electrical  energy 
generated  is  due  to  chemical  change  in  the  elements  and  is  pro¬ 
portional  to  it  in  amount. 

Conversely,  a  current  from  an  external  source  will  cause  chemical  changes  to 
take  place  in  a  similar  arrangement  of  plates  and  electrolyte,  as  in  an  electro¬ 
plating  bath  and  the  like.  On  this  latter  principle  elements  are  obtained  from 
their  compounds  by  ‘electrolysis’;  and  accidental  electrolysis,  from  leakage 
currents,  or  currents  using  ‘  earth  ’  as  a  path,  may  also  have  a  destructive  effect 
on  water  pipes  or  the  lead  sheathing  of  wires  and  cables. 

The  distinction  between  primary  cells  and  secondary  cells  (Chapter  18)  is  as 
follows :  The  component  parts  of  a  primary  cell  are  assembled  in  the  form  in 
which  they  are  used,  and  then  yield  electrical  energy  as  the  equivalent  of  chemical 
action  which  proceeds  until  the  active  elements  are  consumed ;  the  cell  is  then 
exhausted  and  must  be  more  or  less  completely  rebuilt  with  fresh  materials.  In 
a  secondary  cell,  on  the  other  hand,  the  plates  are  ‘  formed  ’  and  brought  to  a 
suitable  state  of  dissimilarity  by  passing  electricity  through  the  cell,  which  is  then 
said  to  be  ‘  charged  ’  and  is  capable  of  yielding  a  current  by  reversal  of  the 
chemical  changes  effected  during  the  charging  operation.  When  discharged,  a 
secondary  cell  can  be  recharged  as  before,  and  the  cycle  can  be  repeated  until  the 
plates  disintegrate  or  become  deteriorated  by  permanent  chemical  action. 

The  practical  applications  of  primary  cells  are  restricted  to 
weak  current  services — such  as  bell  ringing,  portable  flash  lamps, 
alarm  and  signal  circuits,  etc. — unless  the  convenience  of  electri¬ 
city  and  the  absence  of  any  other  source  thereof  justify  the 
abnormally  high  cost  of  producing  it  by  chemical  means.  The 
electro-positive  element  or  ‘  anode  ’  (generally  zinc)  is  dissolved 
away  in  the  electrolyte  in  proportion  to  the  ampere-hours  generated 
(§  28),  and  the  electro-negative  element  or  'kathode’  (commonly 
copper  or  carbon)  generally  remains  unaltered.  The  two  elements 
constitute  a  galvanic  ‘  couple.’  The  conventional  direction  of  the 
current  is  from  the  anode,  through  the  electrolyte,  to  the  kathode 
and  thence  back  to  the  anode  through  the  external  circuit ;  the 
zinc  or  electro-positive  element  will  therefore  be  the  negative  pole 
of  the  cell  and  the  electro- negative  carbon  or  copper  will  be  the 
positive  pole  in  a  ZnC  or  ZnOu  cell.  In  an  electrolytic  cell  ( e.g . 
a  plating  vat)  the  anode  is  similarly  the  plate  through  which  the 
current  enters  the  electrolyte  and  the  kathode  is  that  by  which 
the  current  leaves  the  same. 
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Table  10  represents  the  electro-chemical  series  of  certain 
metals,  in  which  those  occurring  at  the  head  of  the  list  are  said 
to  be  electro-positive  relatively  to  those  lower  down ;  the  farther 
apart  in  the  list  the  metals  chosen,  the  higher  the  E.M.F.  pro¬ 
duced. 


Table  10. — Electro-chemical  Series  of  Metals. 


1.  Potassium. 

2.  Sodium. 

3.  Magnesium. 

4.  Manganese. 

5.  Zinc. 

6.  Iron. 


7.  Cadmium. 

8.  Nickel. 

9.  Cobalt. 

10.  Lead. 

11.  Tin. 

12.  Bismuth. 


13.  Copper. 

14.  Mercury. 

15.  Silver. 

16.  Platinum. 

17.  Gold. 

18.  Antimony. 


The  E.M.F.  developed  in  a  primary  cell  composed  of  any  two  of 
these  elements  in  a  suitable  electrolyte  is  proportional  to  the  heat 
of  formation  of  the  resulting  compound. 

Various  types  of  primary  cell  are  made  according  to  whether 
a  considerable  steady  current  is  required  or  merely  an  occasional 
momentary  current,  as  for  electric  bells,  and  so  forth.  In  a  cell 
of  the  original  type  devised  by  Volta,  the  electrodes  are  zinc  and 
copper,  and  the  electrolyte  is  dilute  sulphuric  acid  ;  when  such  a 
cell  is  in  use  it  ‘  polarises  ’  rapidly  owing  to  hydrogen  collecting 
on  the  copper,  thus  increasing  the  internal  resistance  of  the  cell 
besides  establishing  a  back  E.M.F.  which  reduces  the  E.M.F. 
available  at  the  terminals.  In  the  Daniell  cell  the  zinc  anode  is 
in  sulphuric  acid  contained  by  a  porous  pot,  the  latter  being  im¬ 
mersed  in  an  outer  vessel  containing  the  copper  kathode  and  a 
solution  of  copper  sulphate ;  copper  instead  of  hydrogen  is  liberated 
at  the  kathode  of  this  cell,  polarisation  is  eliminated,  and  the 
E.M.F.  remains  so  nearly  constant  (at  IT  V)  that  the  cell  can  be 
used  as  a  standard  cell  (§  128)  for  rough  standardisation  tests. 
The  bichromate  or  Fuller  cell  uses  zinc  and  carbon  electrodes  with 
sulphuric  acid  as  active  electrolyte  and  potassium  bichromate  as 
depolariser:  this  cell  has  high  E.M.F.  (2*2  V)  and  low  internal 
resistance,  and  is  therefore  suitable  where  relatively  heavy  current 
is  required.  The  Leclanche  cell  uses  zinc  and  carbon  electrodes 
in  an  electrolyte  of  sal-ammoniac,  with  manganese  dioxide  as 
depolariser  round  the  carbon  ;  when  suitably  constructed  this  cell 
is  capable  of  maintaining  relatively  heavy  current  for  long 
periods,  but  the  ordinary  porous-pot  type  polarises  quickly ;  the 
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E.M.F.  is  about  1*45  V  per  cell.  So-called  ‘dry’  cells  are  of  the 
Leclanche  type  with  only  sufficient  water  added  to  render  the 
paste  between  the  electrodes  a  reasonably  good  conductor;  the 
internal  resistance  is  much  higher  than  that  of  the  wet-type  cell, 
and  whereas  the  latter  deteriorates  very  slowly  on  open  circuit,* 
a  ‘  dry  ’  cell  becomes  exhausted  by  ‘  local  action  ’  within  a  few 
weeks  or  months  of  its  being  moistened,  even  though  no  current 
be  taken  for  an  external  circuit. 

128.  Standard  Cells. — For  the  accurate  determination  of 
electric  pressures  ‘  standard  cells  ’  are  used,  these  being  primary 
batteries  whose  potential  difference  at  any  temperature  is  very 
accurately  known;  practically  no  current  is  drawn  from  them, 
the  E.M.F.  being  merely  balanced  against  a  known  proportion  of 
the  E.M.F.  to  be  determined  (§  95).  The  Clark  standard  cell 
consists  of  zinc  and  mercury,  in  an  electrolyte  of  mercurous  and 
zinc  sulphate.  Its  E.M.F.  is  1*  432  8  Y  at  15°  C.  decreasing  by 
0*  083  °/o  Per  1°  C.  rise  of  temperature.  The  Weston  normal 
standard  cell,  which  is  now  more  generally  used,  employs  cadmium 
amalgam  instead  of  zinc  and  cadmium  sulphate  instead  of  zinc 
sulphate.  The  E.M.F.  is  1*  018  3  V  at  20°  C.  and  the  tempera¬ 
ture  coefficient  is  almost  negligible,  viz.  0*  004  °/o  per  1°  C. 

It  is  important  to  note  that  a  standard  cell  should  be  regarded 
as  a  generator  of  known  E.M.F.  and  not  as  a  source  of  current. 
It  should  be  used  only  to  calibrate  potentiometers  (§  95),  no 
current  flowing  through  the  cell  when  balance  is  established. 
During  the  process  of  balancing,  the  cell  should  be  in  circuit  for 
as  short  a  time  as  possible  because  it  is  subject  to  appreciable 
polarisation,  and  its  E.M.F.  (on  open  or  balanced  circuit)  then 
differs  from  standard  until  depolarisation  has  been  effected ;  this 
may  take  hours  if  much  current  has  passed  through  the  cell. 

129.  Thermo-couples. — If  two  wires  of  different  metals  be 
joined  at  their  ends  and  one  junction  be  hotter  than  the  other 
there  is  produced  a  thermo-electric  E.M.F.  which  sends  a  current 
round  the  circuit  so  long  as  the  temperature  difference  between 
the  two  junctions  is  maintained.  Many  attempts  have  been  made 


*  The  zinc  gradually  becomes  encased  by  crystals  which  should  be  scraped  off, 
the  clean  metal  then  being  re-amalgamated  with  mercury.  The  porous  pots  in¬ 
crease  in  resistance  from  a  similar  cause  and  the  depolariser  becomes  exhausted  ; 
the  pots  may  be  ‘  revived  ’  to  a  considerable  extent  by  soaking  them  for  24  hrs. 
in  weak  hydrochloric  acid  (1  part  commercial  acid  to  5  parts  water). 
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to  utilise  this  property  for  the  direct  conversion  of  heat  to  elec¬ 
trical  energy,  hut  the  practical  difficulties  are  great  and  apparently 
insuperable.  The  E.M.F.  is  low,  say  5  mV  per  100°  C.  difference 
in  temperature  between  the  junction  as  an  average  (§  122),  hence 
an  enormous  number  of  couples  are  required  in  series  to  produce 
even  100  V ;  similarly,  an  immense  number  of  such  groups  must 
be  coupled  in  parallel  to  give  any  commercially  useful  current. 
The  cost  of  assembling  and  maintaining  the  couples  is  high  and, 
finally,  the  overall  efficiency  is  low  because,  although  the  losses  of 
the  steam  engine  or  turbine  are  avoided  (§  166),  the  absorption  of 
heat  by  the  hot  junctions  is  of  indifferent  efficiency  and  the  heat 
conducted  along  the  couples  must  be  lost  by  radiation  or  removed 
by  artificial  cooling  of  the  cold  junctions.  Though  there  seem  to 
be  no  prospects  for  thermo-couples  as  generators  of  electricity 
for  commercial  purposes,  they  are  most  valuable  in  pyrometry 
(§  122).  Thermo-electric  E.M.F.  is  also  important  as  a  possible 
source  of  error  in  measuring  instruments  and  circuits  (§  107). 

130.  Piezo-Electric  Effect. — The  application  of  mechanical 
pressure  to  crystals  of  certain  substances — among  them  tour¬ 
maline,  quartz,  and  fluorspar — on  diametrically  opposite  faces 
parallel  to  the  major  axis  of  the  crystal,  sets  up  a  P.D.  between 
the  faces  perpendicular  to  those  on  which  the  mechanical  pressure 
is  applied.  This  phenomenon  offers  a  means  of  obtaining  small 
known  charges  of  electricity  for  purposes  of  research  on  radio¬ 
activity,  atomic  structure,  etc.  It  has  been  suggested*  that  the 
converse  phenomenon,  viz.  mechanical  distortion  of  the  crystal 
by  the  application  of  a  P.D.  to  its  faces,  is  partially  responsible 
for  the  gradual  deterioration  of  high-tension  porcelain  insulators 
in  service.  The  piezo-electric  effect  is  of  no  present  importance 
as  a  means  of  obtaining  a  continuous  flow  of  electricity.  It  has 
been  utilised  in  the  measurement  of  high  pressures  f  (in  guns, 
etc.)  up  to  50  000  lbs.  /  sq.  in.  Applications  of  the  piezo-electric 
effect  to  microphones  and  gramophone  reproducers  are  described 
in  ‘Commercial  Piezo-Electricity/  E.  W.  C.  Russell  and  A.  F.  R. 
Cotton.  El.  Rev.,  vol.  92,  p.  284. 

131.  Electrostatic  Generators. — It  is  well  known  that  when 
two  dissimilar  substances  are  rubbed  together  they  become  elec¬ 
trified  ;  for  instance,  the  vulcanite  cap  of  a  fountain  pen,  after 


*W.  D.  A.  Peaslee,  Jour.  Amer.  I.E.B. ,  Vol.  89,  p.  447. 
+  Bureau  of  Standards,  Scientific  Paper  No.  445. 
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being  rubbed  on  dry  cloth,  will  pick  up  fragments  of  paper  by 
electrostatic  attraction.  This  phenomenon  is  applied  to  the  pro¬ 
duction  of  very  weak  current  at  high  voltage  in  the  frictional 
machine  which  consists  of  a  disc  or  cylinder  of  glass  rotated  be¬ 
tween  rubbing  pads  of  soft  leather;  the  charge  produced  on  the 
glass  is  drawn  off  by  metal  combs.  Greater  quantities  of  elec¬ 
tricity  can  be  produced  with  greater  ease  and  certainty  by 
influence  machines ,  of  which  the  Wimshurst  pattern  is  the 
best  known,  though  not  the  most  efficient.  The  principle 
employed  in  influence  machines  is  that  of  rotating  two  carrier 
plates  about  a  spindle  placed  between  two  fixed  plates.  The 
fixed  plates  are  given  small  initial  charges  of  opposite  polarity 
(by  friction).  With  the  carrier  plates  temporarily  connected 
electrically  to  each  other  and  placed  adjacent  to  the  fixed  plates, 
the  positive  fixed  plate  induces  a  negative  charge  on  the  carrier 
near  it,  and  the  negative  fixed  plate  induces  a  positive  charge  on 
its  carrier.  The  positive  charge  repelled  from  the  first  carrier 
is  neutralised  by  the  negative  charge  repelled  from  the  second 
carrier.  The  connection  between  the  carriers  is  now  broken, 
leaving  isolated  positive  and  negative  charges  upon  them,  and 
the  spindle  is  turned  through  half  a  revolution  thus  bringing  the 
carriers  to  the  similarly  charged  fixed  plates  to  which  they  add 
their  charge.  By  multiplying  the  number  of  fixed  and  moving 
plates  and  perfecting  the  mechanical  details  influence  machines 
have  been  constructed  which  need  1  h.p.  or  more  to  drive  them 
and  which  yield  an  output  of  several  milliamperes  at  a  pressure 
in  the  neighbourhood  of  500  000  V  (sufficient  to  break  down  a 
12-14  in.  air  gap).  Modern  influence  machines  find  applica¬ 
tions  in  electro-therapeutics,  X-ray  production,  electro-culture 
(Chapter  33),  testing  materials,  electrostatic  separation  and  pre¬ 
cipitation  (Chapter  38),  etc.  In  his  book  on  the  subject  (§  152), 
V.  E.  Johnson  estimates  that  the  efficiency  of  the  best  influence 
machines  is  about  45  °/0>  and  states  that  there  is  no  theoretical 
reason  why  the  efficiency  should  not  be  as  high  as  that  of  dynamo- 
electric  generators.  The  same  author  describes  a  |  h.p.  electro¬ 
static  motor  of  his  own  design  and  construction.  Though  it  is 
improbable  that  electrostatic  generators  and  motors  can  ever 
compete  with  high-power  electromagnetic  machines,  their  de¬ 
velopment  should  not  be  overlooked. 

132.  Dynamo-Electric  or  Electromagnetic  Generators.— 
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The  dynamo-electric  generator — usually  termed  a  1  dynamo  ’  or 
£  generator  —is  a  machine  for  converting  mechanical  power  into 
electrical  power,  through  the  medium  of  electromagnetic  induc¬ 
tion  (§  35);  to  be  effective,  it  must  be  driven  by  mechanical 
power,  viz.  steam,  gas,  oil,  water,  or  other;  this  is  converted  by 
electromagnetic  induction  into  electrical  energy.  The  broad 
principle  on  which  the  working  of  generators  is  based  will  be 
seen  from  Figs.  28  and  29  from  the  late  Professor  Thompson's 
Elementary  Lessons  in  Electricity  and  Magnetism. 

These  figures  are  identical  except  as  regards  the  arrangements 
for  collecting  the  current.  In  both  a  coil  of  conducting  wire, 
which  may  have  any  number  of  convolutions,  is  so  placed  that  it 
can  be  rotated  between  the  north  and  south  poles  (iNf,  S)  of  a  per¬ 
manent  steel  magnet;  in  so  doing  the  coil  cuts  across  the  lines  of 
magnetic  force,  which  run  from  pole  to  pole,  and  an  E.M.F.  is 
consequently  induced  in  the  coil.  The  latter  (the  armature  or 


Fig.  28. — Diagrammatic  representation  Fig.  29. — Diagrammatic  ro}m*H4jnlaUon 
of  electric  generator,  with  current  of  electric  generator,  with  current 

collection  from  slip  rings.  collection  from  commutator. 

rotor)  in  the  figure  is  supposed  to  be  spun  around  the  longitudinal 
dotted  axis,  the  upper  portion  coming  towards  the  observer.  The 
arrows  then  show  the  direction  of  the  induced  current  in  the 
wire,  assuming  that  there  is  a  closed  electrical  circuit,  between 
the  ends  of  the  external  wires,  in  which  the  current  can  flow.  If 
there  is  no  such  circuit  an  E.M.F.  is  nevertheless  induced,  tending 
to  cause  a  current  to  flow  in  the  same  direction ;  but  as  the  re¬ 
sistance  is  infinite  the  current  is  nil.  When  the  coil  is  at  right 
angles  to  the  position  depicted,  it  is  neutrally  placed  with  respect 
to  the  poles  of  the  magnet,  and  for  the  moment  no  E.M.F.  is  in¬ 
duced  and  no  current  flows;  thereafter  the  part  of  the  coil  that 
was  under  the  influence  of  the  north  pole  comes  under  that  of 
the  south  pole,  and  vice  versa ,  so  the  direction  of  the  E.M.F.  (and 
of  the  consequent  current  in  the  coil,  if  any)  reverses.  This 
reversal  happens  twice  in  each  revolution,  so  that  an  *  alternating f 
current  (§  11)  is  invariably  generated  in  the  coils  * 

*  This  statement  does  not  apply  to  homopolar  generators  (g  187). 
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Herein  lies  the  distinction  between  Figs.  28  and  20.  In  the 
former  the  two  ends  of  the  coil  of  wins  are  connected  to  two  in¬ 
dependent  metal  contact  rings,  each  with  a  collector  or  *  brush  ’ 
rubbing  against  it,  so  that  the  alternating  current  is  led  away  as 
it  is  generated  to  the  external  circuit.  These  two  rings  will 
alternately  be  +  and  -  at  each  half  revolution  of  the  coil.  In 
Fig.  29,  however,  there  is  a  single  contact  ring,  or  commutator, 
split  horizontally,  and  revolving  with  the  coil,  with  fixed  brushes 
rubbing  on  it  above  and  below;  at  the  moment  the  wave  of 
current  in  the  coil  has  died  down  to  zero,  as  explained  above,  the 
brushes  cross  the  gap  in  the  ring  and  consequently  reverse  their 
connections  to  the  ends  of  the  coil.  The  connections  of  the 
armature  coil  to  the  external  circuit  are  reversed  simultaneously 
with  the  reversal  of  current  How  in  the  armature  winding,  so 
that  the  alternating  current  in  the  coil  is  commuted  into  a  uni¬ 
directional  or  rectified  current  (§  18)  in  the  external  circuit. 
The  top  brush  will  then  be  always  positive  and  the  lower  brush 
negative.  It  must  be  remembered  that  relative  motion  of  the 
magnet  system  or  ‘field’  and  the  coil  system  or1  armature’  is 
essential;  consequently,  if  the  coil  is  stationary  ami  the  magnet 
is  revolved  around  it  in  the  opposite  direction,  precisely  the  same 
results  will  follow;  both  methods  are  in  fact  used.*  In  actual 
generators  used  for  power  purposes  the  permanent  magnet  is 
replaced  by  an  electromagnet  or  a  number  of  electromagnets 
(§  32),  while  a  series  of  armature*  coils  replace  the  single  coil ;  and 
the  two-part  commutator  (in  a  dynamo)  is  replaced  by  one  with 
many  segments,  corresponding  with  the  number  of  coils.  Each 
coil  then  in  turn  generates  its  own  wave,  which  is  rectified  by  tin*, 
corresponding  segments  of  the  commutator,  and  the  result  is  that 
all  the  separate  waves  of  current  overlap,  and  the  succession  of 
waves  of  rectified  alternating  current  becomes  a  continuous 
current,  as  explained  in  §§  13,  14. 

The  term  ‘dynamo’  is  generally  reserved  for  direct  or  con¬ 
tinuous  current  generators  (Fig.  29),  machines  which  deliver 

#  Though  the  direction  of  a  magnetic  field  and  the  direction  of  flow  of  a 
current  in  a  conductor  are  matters*  of  convention  {$§  :i2,  127)  there  itt  a  definite 
relation  between  the  conventional  directions*  of  field  and  current  and  that  of  the 
relative  motion  between  the  field  and  the  current-carrying  conductor.  Prohmor 
Fleming’*  rule  or  mnemonic  for  the  determination  of  the  third  of  those  factory 
when  any  two  are  known  in  etated  in  §  35. 
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alternating  current  to  the  external  circuit  (Fig.  28)  being  termed 
‘  alternators.’ 

Reversibility  of  Generators;  Motors—  In  theory,  and  for  the  most  part  in 
practice  also,  an  electric  generator  is  reversible,  and  can  be  used  also  as  a  motor.* 
In  the  two  diagrams  of  a  simple  dynamo  and  alternator  above,  if  continuous  or 
alternating  current  (as  the  case  may  be)  is  supplied  to  the  brushes  from  an  ex¬ 
ternal  source  the  coils  will  revolve.  The  current  creates  a  magnetic  field  around 
the  coil  (§  82),  which  is  under  the  influence  of  the  steel  magnet,  and  the  tendency 
of  the  coil  is  then  to  set  itself  at  right  angles  to  the  poles  of  the  steel  magnet. 
But  the  reversal  of  the  direction  of  the  current  by  the  commutator  in  the  one 
case  and  by  the  natural  alternation  in  the  other  case,  occurs  just  at  the  right 
moment  to  cause  the  coil  to  make  another  half  turn  ;  and  so  on  indefinitely.  By 
increasing  the  number  of  coils  this  primitive  machine  is  converted  into  a  practical 
motor.  While  the  coil  is  thus  revolving  in  a  magnetic  field,  an  E.M.F.  is  gener¬ 
ated  in  it  by  induction,  opposing  the  applied  or  impressed  E.M.F.  of  the  circuit 
as  mentioned  in  §  35;  this  is  called  the  back-  or  counter-E.M.F.  (Chapter  28). 

133.  Component  Parts  of  Generators. — From  the  preceding 
paragraph  it  will  be  seen  that,  according  to  the  method  of  current 
collection,  the  same  machine  can  theoretically  be  used  as  either  a 
continuous-current  generator  or  an  alternating-current  generator, 
and  this  is  actually  done  in  the  case  of  the  rotary  converter 
(Chap.  17).  As  a  rule,  however,  the  general  arrangement  of  D.C. 
and  A.C.  generators  is  different  for  reasons  stated  below.  In  a 
dynamo  the  magnets  are  fixed  and  the  drum  of  rotating  coils 
(wound  on  a  laminated  iron  core),  in  which  current  is  induced,  is 
called  the  ‘armature.’  The  wave  of  current  is  rectified  by  the 
‘commutator,’  which  is  a  cylindrical  body,  mounted  on  the  shaft 
of  the  armature  and  revolving  with  it,  consisting  of  a  large 
number  of  radial  conducting  bars  insulated  from  one  another,  but 
electrically  connected  to  the  coils  of  the  armature  winding.  The 
‘  brushes  ’  make  contact  with  the  commutator,  as  shown  in  Fig. 
29  (§  132),  collecting  and  conveying  the  current  to  (or,  in  the 
case  of  motors,  from)  the  external  circuit.f 

*  Sometimes,  as  in  balancing  motor-generator  sets,  the  two  functions  are  in¬ 
tentionally  combined  in  a  single  machine,  which  is  working  at  one  moment  as  a 
motor  and  the  next  as  a  generator  (Chapter  20). 

f  Carbon  brushes  are  now  employed  almost  universally  because  they  facilitate 
sparkless  commutation.  In  practice  there  are  many  coils  on  the  armature  and  a 
corresponding  number  of  bars  in  the  commutator.  The  width  of  the  brush  is 
limited  (for  reasons  of  commutation)  to  that  of  two  or  three  commutator  bars  and, 
as  the  current-carrying  capacity  of  carbon  is  low  (§  66),  it  is  generally  necessary 
to  use  two  or  more  brushes  on  each  spindle,  i.e.  on  each  line  of  current  collection 
from  the  commutator.  To  prevent  the  brushes  from  wearing  grooves  in  the 
commutator  they  are  staggered  so  that  their  tracks  overlap.  If  there  are  more 
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Mather  cO  Platt,  Ltd. 

D.C.  Generator  Driven  through  Gearing  from  a  Steam  Turbine. 

Geared  turbines  are  now  used  extensively  to  drive  A.C.  or  D.C.  generators  of 
from  500  to  2  500  kW  capacity.  The  main  advantage  in  A.G.  installations  is  that 
the  turbine  can  be  run  at  much  higher  speed,  and  can  therefore  be  designed  more 
efficiently,  than  if  direct  coupling  were  employed.  Dor  D.G.  work  there  is  the 
additional  advantage  that  the  generator  can  be  designed  on  ordinary  lines,  avoiding 
the  mechanical  and  commutation  difficulties  associated  with  high  speeds.  The 
illustration  shows  a  generator  rated  at  500  kW,  125  V,  4  000  A,  and  particular 
attention  is  called  to  the  large  commutator  and  separate  yoke  for  the  brush  gear 
needed  to  deal  with  this  heavy  current. 


Robey  &  Co.,  Ltd. 

1  100  I.H.P.  ‘  Uniflow  ’  Engine  Direct-coupled  to  a  D.C.  Generator. 

In  the  ‘uni flow’  engine  the  whole  range  of  expansion  of  the  steam  from 
boiler  pressure  to  condenser  pressure  is  effected  in  a  single  cylinder.  The  steam 
flows  from  the  inlet  valves  at  each  end  of  the  cylinder  to  the  exhaust  ports  at  the 
centre  and  never  in  the  reverse  direction,  hence  the  live  steam  does  not  come  in 
contact  with  surfaces  cooled  by  the  exhaust.  This  greatly  reduces  condensation 
losses  and  it  is  claimed  that  the  ‘  uniflow  ’  engine  is  as  economical  as  a  triple¬ 
expansion  engine. 
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The  system  of  electromagnets  in  a  generator,  with  their 
energising  coils,  creates  the  magnetic  '  field/  and  the  coils  are 
called  the  field  'winding’  or  ‘field  magnets.’  The  exciting  or 
field  current  may  be  obtained  from  the  armature  of  the  generator 
itself  in  the  case  of  a  D.C.  machine  (§  138)  or  a  separate  ‘exciter  ’ 
dynamo  may  be  used  (§  140) ;  in  the  former  case  the  machine  is 
'self -excited,’  in  the  latter  'separately  excited.’  Alternators  are 
necessarily  separately  excited.  The  use  of  interpoles  is  discussed 
in  §  139. 

In  an  alternating  current  machine  the  fixed  part  is  called  the 
'  stator,’  and  the  moving  part  the  '  rotor  ’ ;  either  may  consist  of 
the  field  system  or  of  the  coils  in  which  the  current  is  induced, 
but  it  is  generally  more  convenient  to  place  the  alternating  current 
windings  on  the  stator,  continuous  current  being  then  led  to  the 
field  coils  on  the  rotor  through  slip  rings. 

A  '  slip  ring  ’  or  ‘  collector  ring  ’  is  a  plain  conducting  ring, 
revolving  with  the  shaft,  for  effecting  (by  means  of  a  brush)  a 
sliding  connection  between  a  fixed  conductor  and  a  revolving  con¬ 
ductor  (Fig.  28).  Slip  rings  are  used  for  conveying  continuous 
current  to  a  revolving  magnet  or  for  conveying  alternating  current 
to  or  from  a  revolving  armature.  In  a  D.C.  or  A.C.  motor  the 
component  parts  correspond  to  those  in  a  generator ;  motors  are 
further  considered  in  Chapter  28. 

Unlike  motors,  generators  are  usually  placed  in  dry,  clean 
surroundings  and  have  all  the  advantages  of  skilled  supervision ; 
it  is  therefore  generally  unnecessary  to  enclose  them  in  the  sense 
that  motors  are  enclosed  as  protection  against  dust,  moisture,  etc. 
(Chapter  28).  Where  very  large  generators  are  concerned,  how¬ 
ever,  the  amount  of  heat  to  be  dissipated  from  the  windings  is  so 
great  that  the  natural  ventilation  from  an  open  type  of  con¬ 
struction  is  inadequate,  and  it  becomes  necessary  to  enclose  the 
machine  so  that  a  forced  current  of  air  may  be  driven  through  it 
(§  146). 

134.  Types  of  Generators  and  Supply  Characteristics. — 

Classified  according  to  the  form  in  which  electrical  energy  is 
delivered  to  the  external  circuit  there  are  two  main  classes  of 
generators,  viz.  continuous-current  generators  and  alternating- 

than  two  brush  spindles  alternate  pairs  of  spindles  and  not  alternate  spindles 
should  be  staggered.  Each  positive  brush  then  runs  on  the  same  track  as  a 
negative  brush  and  uneven  wear  due  to  polarity  effects  is  eliminated. 
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current  generators,  but  each  of  these  classes  may  he  subdivided, 
according  to  the  electrical  characteristics  of  the  types  of  generators 
available  in  each  group.  The  homopolar  or  acyclic  D.C.  generator 
(§  137)  is  characterised  by  the  fact  that  it  lias  no  commutator; 
and  series-wound,  shunt-wound,  and  compound-wound  D.C. 
generators  (§  138)  have  quite  different  voltage-load  curves  owing 
to  the  different  methods  by  which  they  arc  excited.  Alternators 
may  be  single-,  2-,  or  3-phase  machines  ;  the  distinction  between 
the  three  types  is  explained  in  §§  11,  15,  lf>. 

The  relative  merits  of  continuous  current,  single-phase  current, 
and  3-phase  current  in  relation  to  the  transmission  and  distribu¬ 
tion  of  electricity  are  considered  in  Chapters  14  and  20.  (See  also 
Chapters  28  and  32.)  For  heating  and  cooking  D.C.  and  A.C. 
are  equally  suitable  (§  29),  except  that  A.C.  supply  offers  the 
possibility  of  easy  transformation  to  low  pressures  where  re¬ 
quired.  For  lighting  by  filament  lamps  A.C.  of  50  cycles  per  sec. 
or  higher  frequency  is  for  all  practical  purposes  quite  as  suitable 
as  D.C.  supply.  For  power  applications  D.C.  motors  have  the 
advantage  of  excellent  starting  and  speed-control  characteristics 
(Chapters  28,  29),  and  where  these  characteristics  are  particularly 
required  it  is  essential  to  use  continuous  current.  The  total  load 
on  modern  stations  is,  however,  so  great  that  it  is  economically 
essential  to  use  high  pressure  in  all  but  local  feeders  and  con¬ 
sumers’  circuits ;  the  supply  up  to  the  consumers’  premises  is  at 
not  less  than  3  000  V  where  large  industrial  loads  are  concerned. 
This  consideration,  and  the  fact  that  the  pressure  of  A.C.  supply 
can  he  changed  by  static  transformers,  whereas  D.C.  requires  the 
use  of  rotating  machinery  for  pressure  changing  (Chapter  17), 
has  made  A.C.  generation  and  transmission  standard  in  all  new 
installations.  Of  the  three  main  types  of  A.C.  supply — single, 
2-,  and  3-phase — 2-phase  current  offers  no  advantages  and  is  not 
likely  to  be  employed  in  any  new  generating  plant.  Three-phase 
current  is  immeasurably  superior  to  single-phase  current  for 
general  power  applications,  and  where  a  simple  2-wire  supply  is 
required  (as  for  domestic  lighting,  small  motors,  etc.),  it  can  be 
taken  from  3-phase  mains  provided  that  the  total  single-phase 
load  is  distributed  reasonably  uniformly  between  the  three-phases 
of  the  main  supply.  In  small  stations  the  simplicity  of  single¬ 
phase  circuits,  switchboards,  and  instruments  is  a  consideration, 
but,  in  this  country,  the  majority  of  such  stations  will  ultimately 
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become  distributing  centres  taking  supply  in  bulk  from  3-phase 
generating  and  transmitting  systems  (§  186). 

The  standard  station  pressure  (§  23)  for  new  installations  in 
this  country  are  242  V  and  484  Y  for  D.C.  systems,  and  457  V, 
3  300  Y,  6  600  Y,  11  000  Y,  33  000  Y,  66  000  V,  110  000  V,  and 
132  000  Y  for  3-phase  systems.  In  the  latter  11  000  V  is  the 
highest  pressure  (between  phases)  for  which  generators  are 
usually  wound,  and  6  600  V  generators  are  usually  the  most 
economical ;  higher  ‘  station  pressure  ’  is  obtained  by  connecting 
transformers  between  generator  and  line. 

The  standard  frequency  of  A.C.  supply  in  this  country  is 
50  cycles  per  sec.,  with  25  cycles  per  sec.  as  a  secondary  standard 
(§  12);  in  America  60-cycle  supply  is  used  very  extensively. 
The  effects  and  importance  of  frequency  are  discussed  in  the  next 
paragraph. 

135.  Effects  of  Frequency  in  A.C.  Circuits. — No  frequency 
of  supply  can  be  said  to  be  preferable  to  all  other  frequencies ; 
higher  frequency  is  more  favourable  to  some  parts  of  a  complete 
system  and  less  favourable  to  others,  hence  the  frequency  adopted 
must  be  in  the  nature  of  a  compromise.  In  any  A.C.  circuit  the 
frequency  of  supply  has  as  much  effect  as  the  voltage  on  the 
characteristics  of  the  circuit,  but  whereas  the  voltage  can  be 
changed  easily  and  efficiently  by  use  of  static  transformers,  it  is 
rarely  practicable  to  change  the  frequency.  The  principal  effects 
of  changes  in  frequency  are  its  effect  on:  (1.)  the  impedance  of 
an  A.C.  circuit  (§§  44,  46) ;  (2)  the  E.M.F.  induced  by  an  alter¬ 
nating  flux:  (3)  the  synchronous  speed  of  generators*  motors,  etc. 

1.  Frequency  and  Impedance. — The  inductive  reactance  of  a 
circuit  is  Xl  —  2jrfL  ohms  (§  44),  and  thus  increases  directly 
with  the  frequency.  The  pressure  drop  due  to  the  inductance  of  a 
given  transmission  line,  choking  coil,  or  other  inductive  apparatus, 
therefore,  increases  in  proportion  to  the  frequency.  The  capacity 
reactance  on  the  other  hand,  is  Xc  =  1  /  2irfC  (§  46)  and,  therefore, 
decreases  with  increasing  frequency.  The  capacity  of  a  circuit 
is  equivalent  to  a  negative  resistance  as  regards  pressure  regula¬ 
tion,  i.e.  the  voltage  along  the  circuit  is  increased,  and  to  an  ex¬ 
tent  which  increases  with  the  frequency.  When  the  capacity 
reactance  equals  the  inductive  reactance,  the  condition  of  resonance 
(§  47)  is  established  ;  the  frequency  is  of  equal  importance  with 
the  inductance  and  capacity  in  determining  the  resonance.  The 
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charging  current  of  a  transmission  line  (or  any  other  condenser) 
increases  as  the  frequency  rises.  For  short  distances  and  low 
voltages  the  higher  reactance  drop  in  transmission  lines  at  higher 
supply  frequencies  is  of  appreciable  importance,  but  in  long  dis¬ 
tance,  high-voltage  lines  the  capacity  effect  is  important,  and  the 
net  voltage  regulation  is  quite  satisfactory  at  60  cycles  /  sec. 
(the  highest  frequency  used  in  long-distance  lines). 

The  pressure  drop  due  to  skin  effect  (§  38)  increases  with  the 
sectional  area  and  magnetic  permeability  of  conductors,  and  with 
the  frequency  of  supply  (§  309).  It  is  an  important  factor  in 
steel  conductor  rails  (Chapter  35) ;  in  these,  the  pressure  drop 
due  to  reactance  and  skin  effect  is  roughly  twice  as  great  at 
50  cycles  as  at  15  cycles  /  sec.,  and  is  5  or  10  times  as  great  at 
50  cycles  /  sec.  as  with  direct  current,  according  to  the  current 
density  employed.  The  eddy  current  loss  in  stator  conductors 
increases  with  frequency,  and  has  to  be  taken  into  consideration 
in  the  design  of  large  generators. 

2.  Frequency  and  Induced  E.M.F. — The  general  formula  for 
the  E.M.F.  induced  in  a  coil  of  T  turns  by  an  alternating  magnetic 
flux  of  maximum  value  <f>,  and  of  frequency  /,  is  :  E  =  kfcpT, 
where  k  is  a  numerical  factor.  Two  cases  arise :  (i)  that  of  a 
particular  winding  (i.e.  T  constant)  used  on  or  subjected  to 
different  frequencies ;  (ii)  that  of  a  winding  in  which  the  number 
of  turns  is  varied  so  that  the  maximum  flux  <fi  is  the  same  at  two 
different  frequencies  /l3  f2 .  It  is  assumed  that,  in  both  cases,  the 
applied  or  induced  E.M.F.  E  is  the  same.  These  assumptions 
involve  the  product  f<f>  being  constant  in  case  (i),  and  the  product 
fT  being  constant  in  case  (ii). 

Case  (i)  is  that  of  a  winding  designed  for  one  frequency  and 
operated  on  another.  The  consequences  are : — 

(а)  Reduced  frequency  /  demands  greater  flux,  <p,  for  the  same  E.M.F.,  E. 
This  involves  increased  magnetising  current  and  lower  power  factor. 

(б)  The  hysteresis  loss  (§  34)  increases  with  <p 1*6,  but  this  increase  is  partly 
compensated  by  the  lower  frequency  with  which  the  cycle  is  completed. 
The  eddy  current  loss  (§  39)  varies  with/2  </>2,  and  is,  therefore,  constant 
in  the  case  considered. 

(c)  The  higher  magnetising  current  required  to  produce  the  greater  flux  in¬ 
volves  higher  copper  loss  and,  therefore,  reduced  efficiency. 

Case  (ii)  is  that  of  a  constant-flux  winding,  the  number  of 
turns  in  the  latter  being  varied  to  suit  the  changed  frequency. 
In  this  case,  T  is  increased  as  f  decreases,  <fi  remaining  constant, 
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but  at  the  lower  frequency  a  higher  flux  density  is  permissible 
for  the  same  hysteresis  and  eddy  current  losses,  hence  the  iron 
circuit  may  be  lighter  (§  41).  At  40  or  50  cycles  /  sec.,  or  higher 
frequencies,  the  iron  losses  often  determine  the  permissible  flux 
density,  whereas  at  25  cycles  and  lower  frequencies  the  limit  to 
flux  density  is  that  of  magnetic  saturation  (§  43). 

3.  Frequency  and  Synchronous  Speed. — The  relation  between 
the  ‘synchronous  speed’  n  r.p.m. ;  the  number  p  of  pairs  of 
magnetic  poles  in  a  generator,  motor,  etc. ;  and  the  supply  fre¬ 
quency  f  cycles  /  sec.,  is  n  =  60/  /  p.  This  formula  gives  the 
actual  speed  of  any  synchronous  machine  ( e.g .  alternator,  syn¬ 
chronous  motor,  rotary  converter),  but  the  actual  speed  of  an 
induction  motor  is  less  than  the  synchronous  speed  by  the  amount 
of  the  slip  which  varies  with  the  design  of  the  machine  and  in¬ 
creases  with  the  load. 

The  synchronous  speeds  of  machines  with  from  2  to  12  poles, 
when  operating  on  supply  frequencies  of  15,  25,  50,  and  60 
cycles  /  sec.  are  shown  in  Table  11.  These  figures  show  clearly  : 

Table  11. — Synchronous  Speed  at  Various  Frequencies. 


Number  of 
Field  Poles. 

...  .  ...  _  .  .  _ 

Synchronous  Speed,  Revs,  per  Min.,  with  Supply 
Frequency. 

15  Cycles. 

25  Cycles. 

50  Cycles. 

60  Cycles. 

2 

900 

1500 

3  000 

3  600 

4 

450 

750 

1  500 

1  800 

6 

300 

500 

1000 

1  200 

8 

225 

375 

750 

900 

10 

180 

300 

600 

720 

12 

150 

250 

500 

600 

(i)  The  fewer  number  of  poles  required  at  lower  frequency  for 
given  speed  (r.p.m.),  and  hence  the  advantage  of  low-frequency 
supply  where  motors  of  very  low  speed  are  required.  Except  in 
very  heavy  driving  (e.g:  steel  mills)  it  is  cheaper  to  use  high¬ 
speed  motors  with  gear  reduction:  50-cycle  supply  is  then  as 
convenient  as  25-cycle  supply.  (ii)  The  greater  number  of 
available  synchronous  speeds  where  higher  frequency  is  employed, 
e.g.  only  one  intermediate  speed  between  500  and  1  500  r.p.m. 
with  25-cycle  supply,  compared  with  three  speeds  when  50-cycle 
supply  is  used.  This  is  an  important  consideration, 
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4.  Influence  of  Frequency  in  Specific  Applications. — The 
general  effects  of  high  and  low  frequencies,  within  the  range  of 
values  used  in  commercial  supply,  maybe  summarised  as  follows : — 

Generators. — The  maximum  speed  for  a  15-cycle  generator  is  900  r.p.m. 
(Table  11)  which  is  low  for  driving  by  steam  turbine.  At  25-cycles  a  2-pole 
machine  must  be  used  for  1  500  r.p.m.,  whereas  a  lighter  4-pole  machine  could 
be  used  for  50-cycles  and  the  same  speed.  The  iron  losses  are  lower  at  lower 
frequency.  The  electrical  phase  angle  corresponding  to  a  given  mechanical  dis¬ 
placement  of  the  rotor  is  smaller  in  low-frequency  than  in  high-frequency  gener¬ 
ators  for  the  same  speed ;  this  means  that  engine-driven  generators  can  be  operated 
in  parallel  more  easily  and  stably  at  low  than  at  high  frequencies ;  the  distinction 
does  not  arise  where  turbines  are  used  because  these  have  no  cyclic  irregularity 
of  speed.  Large  turbo-alternators  (say  15  000  kw.)  are  about  10  °/0  dearer  for 
25  cycles  than  for  50  cycles. 

Transformers. — The  efficiency  of  a  particular  transformer  is  higher  at  higher 
frequency  for  the  same  E.M.F.  (see  (2)  Case  (i)  above).  On  the  other  hand,  in  the 
case  of  transformers  designed  for  the  frequency  on  which  they  are  operated,  the 
losses  are  lower  at  lower  frequency;  if  the  maximum  flux  density  is  limited  by 
the  permissible  iron  losses  the  low-frequency  transformer  is  at  an  advantage,  but  if 
special  low-loss  steel  be  used  the  permissible  flux  density  is  determined  by  satura¬ 
tion,  and  the  less  weight  of  steel  required  in  a  50-cycle  transformer  compared  with 
a  25-cycle  transformer  more  than  compensates  for  the  higher  losses  in  the  former. 
Modem  50-cycle  transformers  are  generally  25  to  30  °/0  lighter  and  about  25  °/0 
cheaper  than  25-cycle  transformers  for  the  same  output. 

Transmission  Lines. — As  explained  in  section  (1)  above,  lower  frequency 
results  in  lower  voltage  drop  unless  the  electrostatic  capacity  of  the  line  is  con¬ 
siderable  in  which  case  the  inductive  drop  may  be  reduced,  balanced  or  even  over¬ 
balanced  (§  318). 

Motors. — At  given  speed  a  synchronous  motor  is  pulled  out  of  step  or  caused 
to  *  hunt  ’  more  easily  if  the  frequency  be  higher  because  the  number  of  poles  is 
then  greater  (Table  11)  and  the  electrical  displacement  corresponding  to  given 
mechanical  displacement  is  greater. 

A  given  induction  motor  will  generally  operate  satisfactorily  with  +  10  °/0 
variation  from  the  frequency  for  which  it  was  designed.  For  given  synchronous 
speed,  the  number  of  poles  required  decreases  as  the  frequency  is  lowered  (Table 
11),  and  the  fewer  the  poles,  the  higher  the  power  factor  (Chapter  28)  and  the 
higher  the  overload  capacity.  On  the  other  hand,  the  low-frequency  motor  is 
generally  larger  and  more  expensive.  For  equal  power  factor  a  low-speed  25- 
cycle  machine  is  smaller  and  cheaper  than  a  50-cycle  motor,  but  as  the  condenser 
capacity  required  to  compensate  for  the  wattless  component  is  relatively  less  at 
higher  frequencies  (§  160  a),  the  50-cycle  machine  can  compete  if  it  is  designed 
for  low  P.F.  and  used  in  conjunction  with  a  phase  advancer ;  this  is  practicable 
only  in  the  case  of  large  motors. 

The  series-wound  single-phase  commutator  motor  is  the  principal  machine 
benefiting  by  a  supply  frequency  lower  than  25  cycles.  The  inductance  drop  in 
the  field  and  armature  windings  decreases  as  the  frequency  is  lowered,  and  the 
power  factor  and  efficiency  are  therefore  improved.  At  the  same  time,  the  E.M.  F. 
induced  in  the  coils  short-circuited  by  the  brushes  is  reduced,  and  commutation 
is  better  at  lower  frequency.  Where  these  motors  are  used  for  traction  a  fre¬ 
quency  of  15-cycles  /  sec.  is  sometimes  employed,  but  below  25-cycles  there  is  a 
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Nisk  of  slipping  at  the  driving  wheels  due  to  variations  in  the  torque  which  is 
Necessarily  zero  every  half-cycle  in  a  single-phase  motor.  For  the  same  service 
15-cycle  motors  of  this  type  are  lighter  than  25-cycle  motors  and,  since  greater 
output  can  be  obtained  from  a  15-cycle  motor  of  given  size,  it  is  often  possible  to 
Nse  fewer  motors  on  the  train.  This  more  than  compensates  for  the  lighter  25- 
oycle  transformers. 

Lighting. — Arc  lamps  operate  more  steadily  and  efficiently  on  50-cycle  than 
on  25-cycle  supply,  but  filament  lamps  operate  equally  well  on  all  frequencies 
Nhove  25-cycles  /  sec.  At  lower  frequencies  flicker  becomes  evident  particularly  if 
the  mass  of  the  filament  be  small. 

Rotary  Converters. — For  many  years  the  performance  of  rotary  converters 
^vas  much  better  at  25  than  at  50-cycles  /  sec.,  but  by  improvements  in  design  and 
construction — notably  the  use  of  higher  peripheral  speeds  and  the  use  of  com* 
Nmtating  poles — rotary  converters  for  50  or  60  cycles  /  sec.  have  been  made 
practically  equal  in  cost  and  efficiency  to  those  for  25-cycle  supply.  Where  high 
Voltage  D.C.  is  to  be  used  for  traction  service,  low-frequency  A.C.  primary  supply 
offers  some  advantage  in  that  single-commutator  rotary  converters  can  be  built 
for  3  500  V  D.O.  when  the  A.C.  supply  is  at  15  cycles,  2  OCO  V  when  the  supply  is 
at  25-cycles,  and  only  1  000  V  when  the  supply  is  at  50-cycles. 

Frequency  Changers. — These  machines  may  be  used  to  raise  or  lower  tho 
supply  frequency  to  suit  the  special  requirements  of  a  particular  load,  but  generally 
they  are  used  as  a  link  between  interconnected  distribution  systems  of  different 
supply  frequencies.  The  ratio  of  the  number  of  poles  on  the  two  sides  of  the 
machine  must  equal  the  ratio  of  the  two  frequencies ;  the  2  :  1  ratio  between  50- 
and  25-cycle  systems  makes  possible  a  much  cheaper  frequency  changer  than  the 
24 : 10  pole  combination  required  between  60-  and  25-cycle  systems. 

(5)  Standardisation  of  Frequency. — For  twenty-five  years  or 
longer  tlie  balance  of  favour  has  oscillated  between  25-cycles  on  the 
one  hand  and  50  or  60-cycles  on  the  other.  In  the  present  state 
of  electrical  practice  there  is  no  radical  difference  between  the  costs 
and  efficiencies  of  apparatus  designed  for  60-  and  25-cycle  supply 
so  far  as  general  power  and  lighting  services  are  concerned.  The 
technical  distinctions  between  60-  and  50-cycle  supplies  are 
practically  negligible.  There  is  no  likelihood  of  a  frequency 
higher  than  60-cycles  /  sec.  being  employed  in  any  new  supply 
system.  In  America  both  60-  and  25-cycle  supplies  are  used 
very  extensively,  but  the  higher  frequency  is  likely  to  predominate. 
In  this  country  the  Electricity  Commissioners  have  decided  upon 
a  policy  of  eliminating  all  odd  frequencies  (of  which  there  are  at 
present  many),  ultimately  reducing  the  main  frequencies  in  use  to 
50-  (standard),  40-  and  25-cycles  /  sec.  Apart  from  the  advantages 
of  unification  in  reducing  the  capital  expenditure  on  turbo¬ 
alternators,  transformers,  motors,  etc.,  and  the  simplification  and 
economy  in  manufacture  due  to  the  employment  of  fewer  types  of 
plant  and  apparatus,  the  adoption  of  a  common  frequency  would 
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remove  engineering  difficulties  in  the  interchange  of  energy 
between  different  undertakers  and  the  ultimate  linking-up  of 
districts.  Financial  considerations,  however,  make  it  impractic¬ 
able  to  alter  the  frequency  in  existing  installations  by  any  pro¬ 
cess  of  substitution.  All  that  can  be  hoped  for  is  ultimate 
restriction  to  the  frequencies  (50,  40,  and  25  cycles)  now  used  in 
the  principal  supply  systems  of  the  country. 

136.  British  Standard  Rating  for  Electrical  Machinery 
The  International  Electrotechnical  Commission’s  Rules  for  Electri¬ 
cal  Machines  (I.E.C.  Publication  34)  and  the  B.E.S.A.  Report  No. 
72  attempted  to  eliminate  the  somewhat  contradictory  term  £  over¬ 
load  capacity  ’  from  the  rating  of  motors,  generators,  and  trans¬ 
formers.  In  the  third  edition  of  this  book,  however,  the  opinion 
was  expressed  (p.  254)  that  it  would  be  long  before  the  term 
‘overload’  was  finally  abandoned.  Since  then  it  has  been  found 
commercially  expedient  to  restore  c  overload  capacity  ’  as  part  of 
the  standard  rating  of  electrical  machinery.  This  is  done  for  in¬ 
dustrial  electric  motors  and  generators  with  Class  A  insulation* 
by  B.E.S.A.  Report  No.  168,  which  replaces  Report  No.  72  in 
so  far  as  it  applies.  Other  B.E.S.A.  Reports  will  doubtless 
modify  the  standard  rating  of  other  machinery  covered  by  Report 
No.  72  in  the  same  sense,  and  the  I.E.C.  (at  the  time  of  writing) 
has  under  consideration  the  adoption  of  an  additional  international 
rating  for  industrial  machines,  providing  for  a  lower  temperature 
rise  and  associated  with  a  capacity  for  a  sustained  overload. f 
Thus,  whilst  there  is  a  good  prima  facie  case  for  basing  the  rating 
of  a  machine  (motor,  generator,  transformer,  etc.)  upon  the  out¬ 
put  which  incl  udes  the  ‘sustained  overload  capacity,’  it  maybe 
assumed  that  the  established  industrial  practice  of  distinguish¬ 
ing  between  the  ‘  rated  ’  output  and  the  ‘  overload  capacity  ’  of 
machines  will  receive  official  recognition. 

The  B.E.S.A.  reports  should  be  studied  in  the  original  (the 
cost  of  the  publications  being  nominal)  for  full  particulars  as  to  the 
British  Standard  Ratings,  but  the  following  (unofficial)  summary 
of  the  rating  clauses  in  Report  No.  168  will  serve  for  general 
information : — 

*  Cotton,  silk,  paper,  and  similar  materials  when  impregnated  or  immersed  in 
oil,  also  enamelled  wire. 

f  After  much  discussion,  agreement  was  reached  at  the  Geneva  (1922)  meeting 
of  the  I.E.C. ;  but  the  decisions  arrived  at,  and  reported  in  the  technical  Press,  re¬ 
quire  confirmation  at  a  plenary  meeting. 
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This  specification  applies  to  industrial  motors  and  generators  of  1  B.H.P.,  kW 
or  kVA  and  upwards  per  1  000  r.p.m.  wound  for  pressures  not  exceeding  7  000  V; 
and  does  not  apply  to  turbo-type  machines,  rotary  converters,  and  traction  motors. 
Overload  requirements  for  single-phase  motors  are  not  yet  included. 

In  no  case  may  the  maximum  temperature  of  windings  (with  Class  A  insula¬ 
tion)  or  of  cores  with  which  they  are  in  contact  exceed  90°  C.  The  sustained  over¬ 
load  specified  below  is  permissible  only  if  the  temperature  of  the  cooling  air  does 
not  exceed  30°  C.  (86°  F.)  ;  if  the  cooling  air  exceeds  30°  C.  either  the  sustained  over¬ 
load  must  be  reduced  in  magnitude  or  duration  or  the  continuous  load  must  be 
reduced  below  the  rated  load. 

The  British  standard  continuous  rating  defines  the  load  which  can  be  carried 
for  an  unlimited  period  without  exceeding  the  limits  of  temperature  rise  given  in 
Table  12.  The  British  standard  short  time  rating  defines  the  load  which  can  be 
carried  for  a  specified  time  (either  1  hr.  or  £  hr.)  without  exceeding  the  limits  of 
temperature  rise  specified  in  Table  12 ;  the  test  being  started  with  the  machine 
cold.  In  both  cases  the  conditions  of  the  test  must  be  those  of  the  rating  and 
of  B.E.S.A.  Specification  Ho.  168  (g.v.). 

A  generator  rated  for  two  limits  of  voltage  must  have  its  rated  current  and 
output  determined  at  the  higher  voltage.  A  change-speed  motor  shall  have  a 
definite  rating  for  each  speed,  and  a  variable-speed  motor  for  each  of  its  limiting 
speeds. 

Table  12. — Temperature  Limits  for  Industrial  Motors  and 
Generators  ( Glass  A  Insulation). 


Temperature  Rise 

s  *  (by  Thermometer). 

Bart. 

Machines  (other  than 
Totally  Enclosed)  with 
Continuous  Rating. 

Machines  with  Short  Time 
Rating,  and  Totally  En¬ 
closed  Machines. 

Windings  and  cores  with  which 

°C. 

°C. 

they  are  in  contact 

40 

50 

Commutators  .... 

45 

55 

Slip  rings — open  type  . 

45 

55 

,,  „  — enclosed  type 

Uninsulated  parts,  and  cores  not  in 

55 

55 

Such  that  there  is  no  risk  of  injuring 

contact  with  insulated  windings 

insulation  on  adjacent  parts. 

Motors  and  generators  (other  than  single-phase  motors)  shall  be  capable  of 
sustaining  without  injury  the  overloads  specified  below  +  after  having  attained  the 
temperature  rise  corresponding  to  continuous  operation  at  rated  load.  Rated 
voltage  and  frequency  must  be  maintained. 


*  In  the  case  of  machines  to  be  used  at  altitudes  of  3  300  ft.  or  more  (up  to 
10  000  ft.)  above  sea  level,  the  permissible  temperature  rise  is  reduced  1J  °/Q  for 
each  1  000  ft.  above  sea  level.  Machines  for  service  above  10  000  ft.  are  not 
considered  standard. 

fThe  summary  here  given  is  arranged  for  easy  comparison  of  the  general 
requirements ;  the  specification  should  be  consulted  where  actual  tests  are  con¬ 
cerned. 
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Limits  of  <  hit  put 
I>,  r  1  000  /;.  l\  S/. 


MOTOKS  (overload  r<- 

fcirn  to  torqxu').  i 

(a)  Continuous  rat imj  i#c^;  thtui  1  and  [MU 
down  to  1  B. H.I\ 

•j  B.H.  B.  and  mvit 
I >.(  *.  up  to  lft(> 

IUU’.  mol.  ; 
all  A.r. 

HIT  i.  If> 

All  hi/oh  ,  ftO w/0 ; 

1  mm.  ,  1ft  hops. 

(ft)  Short  time  rat  imj  All  d/<«  h  nil  nil  UK)  /.  ;  j  100%; 

i  MO  Mi'ios.  I  IK)  HtJtIH. 

I 

GENERATORS  (ovor-  j  I 

load  rolor.i  to  j 

current).  \ 

Continuous  rut  imj  .  Uv.m  than  M  and  lift  /,/,  J  Lr.  ml 
down  to  1  kW  or 
kVA 

M  kW  *»r  kVA  and  Mhr<,  nil 

ov*  r 

\\\r>m<i  ’'*>  % ; 

1  mm.  ww». 


The  methods  for  stating  output  an*:  (i)  /ft f r.  (inttratoTH— 
Output  in  kW  available  at  tin?  terminals  (ii)  Alt*  rnatom— 
Apparent  output  in  kVA  available  at  the*  terminals.  Unless 
otherwise  specified,  the  P.  P.  of  the  generator  in  taken  to  be  0’8. 
(iii)  Motors — Mechanical  output  in  II. P.  and  kW  available  at  the 
shaft,  (iv)  Transformers— Apparent  output  in  kVA  available  at 
the  secondary  terminals. 

As  the  average  output  of  an  alternator  is  generally  about  80  °/0 
of  the  rated  output,  the  efficiencies  of  the  machine  and  of  the 
prime  mover  which  drives  it  should  be  highest  at  this  output. 
The  prime  mover  should,  however,  bo  capable  of  driving  the 
generator  at  40  or  50  7„  above  the  most  economical  output  ( 1 2-20  7« 
above  rated  output),  ho  as  to  allow  for  emergent  short-period 
overloads.  This  is  often  overlooked  in  the  ease  of  internal  com¬ 
bustion  engines  and  water  turbines. 

137.  Homopolar  or  Acyclic  Dynamos.— Those  machines, 
which  are  sometimes  (erroneously )  called  unipolar  dynamos,  are 
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based  on  the  fact  that  if  a  copper  disc  he  rotated  between  the 
poles  of  a  horseshoe  magnet  (about  an  axis  joining  the  poles,  the 
flux  being  perpendicular  to  the  disc)  a  constant  E.M.F.  is  induced 
between  the  rim  and  the  spindle  of  the  disc.  It  was  in  this  form 
that  Faraday  discovered  the  dynamo.  Similarly,  if  a  hollow  metal 
cylinder  be  rotated  in  the  annular  air  gap  between  an  internal  NT 
(or  S)  pole  and  an  external  S  (or  N)  pole,  a  constant  E.M.F.  is 
induced  between  the  ends  of  the  rotating  cylinder.  Replacing 
the  solid  disc  or  cylinder  by  armature  bars  connected  in  series  we 
have  the  two  types  of  homopolar  dynamo,  viz.  the  disc  or  radial 
type,  and  the  cylindrical  or  axial  type.  The  armature  conductors 
always  cut  the  magnetic  flux  in  the  same  direction,  and  this  is 
the  only  type  of  D.C.  generator  in  which  direct  current  is  actually 
induced  in  the  armature  conductor  (§  132).  It  is  therefore  un¬ 
necessary  to  use  a  commutator,  and  for  this  reason  many  attempts 
have  been  made  to  develop  the  homopolar  machine  as  a  competitor 
of  the  commutator- type  D.  C.  generator.  A  number  of  armature 
conductors  are  connected  in  series  and  current  is  collected  by 
brushes  bearing  on  slip  rings. 

Unfortunately  it  is  not  economical  (if  possible)  to  build  homo- 
polar  machines  of  useful  capacity  for  the  voltages  employed  in 
general  D.C.  distribution.  Also,  the  electrical  difficulties  of  design 
are  increased  at  turbine  speeds,  for  which  the  elimination  of  the 
commutator  is,  in  itself,  most  desirable.  A  homopolar  dynamo 
rated  at  2000  kW,  260  7,  7  700  A,  1  200  r.p.m.  was  built  some 
years  ago  *  but  serious  difficulties  were  experienced  in  construction 
and  operation,  and  the  experiment  does  not  appear  to  have  been 
repeated.  The  homopolar  dynamo  is  essentially  a  low  voltage, 
heavy-current  machine,  but  even  in  electro-chemical  work  where 
currents  of  many  thousand  amperes  are  sometimes  required  at  a 
pressure  of  a  few  volts,  it  is  generally  more  satisfactory  to  employ 
a  motor  generator  driven  from  the  ordinary  supply  mains. 

138.  Shunt,  Series,  and  Compound-Wound  D.C.  Dynamos. 
— The  general  design  of  the  armature  and  field  magnets  remaining 
the  same,  the  electrical  characteristics  of  D.C.  dynamos  are  very 
different  according  as  the  field  coils  are  shunted  across  the  arma¬ 
ture  (Fig.  30),  connected  in  series  with  the  armature  (Fig.  31),  or 
connected  partly  in  shunt  and  partly  in  series  with  the  armature 
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(Fig.  32).  In  these  three  cases  the  machine  is  said  to  be  shunt, 
series,  or  compound  wound  respectively. 

There  may  be  any  even  number  of  magnetic  poles  from  two 
upwards ;  but,  whereas  the  applied  pressure  of  the  supply  ensures 
the  energising  of  the  magnet  coils  on  a  motor,  a  generator  has  to 
excite  its  own  magnets.  It  occasionally  happens  that  the  iron  of 
the  magnet  is  free  from  any  vestige  of  residual  magnetism  ;  but 
under  ordinary  circumstances  it  retains  a  sufficient  amount  of 
magnetism  to  start  the  cycle  of  operations  known  as  ‘  building  up 
the  field.’  The  armature  is  being  driven  by  its  prime  mover  in 
the  weak  field  of  the  iron  alone,  and  this  residual  magnetism  is 
sufficient  to  cause  a  small  E.M.F.  in  the  armature  coils;  this  in 
turn  sends  a  small  current  through  the  magnetising  coils  and  so 
strengthens  the  field,  and  thus  by  imperceptible  increments  the 
field  is  built  up  rapidly  to  full  strength. 

Shunt  Dynamos. — Where  batteries  are  used  shunt- wound 
generators  are  essential,  as  the  other  types  would  reverse  their 
direction  of  rotation  if  accidentally  driven  as  motors ;  this  would 
happen  if  the  generator  voltage  dropped  below  the  battery  voltage. 
The  voltage  when  cells  are  being  charged  must  be  much  higher 
than  the  pressure  of  supply  to  the  lamps  (Chapter  18)  and  the 
necessary  regulation  is  obtained  by  varying  the  strength  of  the 
shunt  current.  Shunt- wound  generators  can  also  be  used  in  any 
case  where  constant  pressure  is  required  in  the  external  circuit ; 
by  varying  the  current  in  the  field  circuit,  by  means  of  a  ‘  shunt 
resistance  ’  or  ‘  rheostat  ’  placed  in  series  with  the  magnet  winding, 
the  voltage  in  the  external  circuit  can  either  be  maintained  or 
varied  at  will,  so  as  to  compensate  for  the  loss  of  pressure  in  the 
mains  and  give  constant  pressure  at  a  distant  point.  If  the 
brushes  of  a  shunt  machine  are  put  down,  thus  closing  the 
circuit  of  the  magnetising  coils,  and  the  machine  is  then  run 
up  to  speed  with  the  external  circuit  open,  the  field  will  be  built 
up  to  full  strength ;  the  pressure  across  the  brushes  will  be  at 
its  full  value,  and  the  shunt  current  will  be  volts  ~  shunt 
resistance,  both  of  which  are  practically  constant  while  the 
speed  remains  so.  Allowance  can  be  made  for  such  variations  as 
occur  (Chapter  40,  Dynamos ).  If  the  external  circuit  is  now 
closed  the  load  can  be  increased  from  no  load  to  full  load.  As  the 
amperes  increase  there  is  a  drop  of  pressure  in  the  armature,  due 
to  its  resistance,  and  the  brush  volts  fall  below  the  armature  volts. 
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Consequently  the  field  is  weakened.  This  is  shown  in  the 
‘  characteristic  curve  ’  of  a  shunt  machine  (Fig.  30),  which  can  be 
constructed  from  the  readings  of  volts,  amperes,  and  speed  taken 
on  test  at  various  loads,  after  correction  as  explained  in  Chapter 
40.  The  curve  shown  is  called  the  ‘  external  characteristic  ; ’  if 
the  armature  resistance  is  measured,  and  the  value  of  the  lost 
volts  in  it  ( IR  in  the  diagram)  is  calculated  from  the  amperes  at 


Fig.  30. — Connections  and  characteristic  curve  of  shunt  dynamo. 


different  points,  then  the  ‘  internal  characteristic 5  of  the  machine 
can  be  plotted  by  adding  these  lost  volts  to  the  previous  curve  at 
each  reading.  The  full  curve  represents  the  working  range  of  the 
machine,  and  the  dotted  part  shows  what  would  occur  with 
sufficient  overload. 

Series-wound  Dynamos. — Series-wound  generators  are  only 
used  where  a  constant  current  of  so  many  amperes  is  required  in 


Fig.  31. — Connections  and  characteristic  curve  of  series  dynamo. 


the  external  circuit,  as  in  the  case  of  series  arc  or  incandescent 
street  lighting  (Chapter  25) ;  the  pressure  is  then  varied  according 
to  the  number  of  lamps  in  use.  The  external  characteristic  curve 
of  a  series  dynamo  is  shown  in  Fig.  31.  In  these  machines  the 
field  circuit  is  only  closed  when  the  external  circuit  is  closed,  so 
that  the  load  comes  on ;  and  the  current  in  the  field  coils  is  not 
constant,  but  varies  directly  with  the  load  in  amperes.  It  will  be 
vol.  1.  193  13 
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noticed  that  beyond  the  bend  of  the  curve  the  current  is  almost 
constant,  regardless  of  the  pressure,  and  an  arc  lighting  machine 
utilises  this  part  of  the  curve.  To  obtain  the  internal  character¬ 
istic  in  this  case  the  drop  in  pressure  IB  due  to  Lhe  resistance  of 
the  armature  and  the  field  coils  in  series  must  be  calculated  and 
added  at  each  reading. 

Compound-wound  Dy?icivios . — For  installations  not  using 
batteries  the  compound-wound  generator  is  usually  employed, 
owing  to  its  automatic  regulation ;  and  also  for  D.C.  tramway 
systems,  except  tl  lose  supplied  f roi  u  converters .  The  sh  unt  coi  Is  give 
a  constant  excitation,  but  the  additional  ampere-turns  of  the  series 
coils  vary  according  to  the  current  in  the  external  circuit,  which 
is  flowing  round  them  ;  consequently,  as  the  current  rises  and  the 
loss  of  pressure  in  the  circuit  increases,  the  additional  strength  of 
the  field  magnets  automatically  raises  the  pressure  ol  generation 


Fig.  32. — Connections  and  characteristic  curve  of  compound  dynamo. 


to  a  corresponding  degree,  so  that  the  resulting  pressure  at  the 
far  end  of  the  line  remains  constant.  An  examination  of  the  two 
preceding  figures  makes  this  clear,  the  drop  of  pressure  in  the 
former  being  compensated  by  the  rise  in  pressure  of  the  latter. 
The  resulting  external  characteristic  of  a  compound  dynamo  is 
shown  in  Fig.  32,  and  in  a  well-designed  machine  is  almost  a 
straight  line  over  the  working  range.  The  line  may  be  either 
level  (level  compounding)  or  rising  (over-compounding),  so  that 
the  drop  of  pressure  in  feeders  as  well  as  in  the  machine  itself 
may  be  compensated;  in  this  case  the  ampere-turns  on  the 
series  coils  are  designed  to  raise  the  pressure  in  a  higher  ratio 
than  the  current  increases  ;  this  is  especially  the  case  in  electric 
tramway  stations. 

139.  Interpoles. — Owing  to  the  reaction  of  the  armature  flux 
on  that  of  the  field  magnets  there  is  always  some  distortion  of  the 
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magnetic  field  in  which  the  armature  rotates,  and  hence  in  the 
position  of  the  4  neutral  zone  5  (of  zero  field)  in  which  commutation 
can  be  effected  sparklessly.  This  distortion  is  particularly 
noticeable  at  heavy  loads  or  when  the  main  field  is  weakened 
very  considerably  in  the  course  of  obtaining  wide  voltage  regu¬ 
lation  or  speed  regulation  over  a  wide  range  (Chapter  29),  in  the 
case  of  a  motor.  In  order  to  prevent  sparking,  the  angle  of 
lead  of  the  brushes  may  be  altered  by  moving  the  latter  forward, 
in  the  direction  of  rotation  in  the  case  of  a  generator,  and  back¬ 
wards  in  the  case  of  a  motor,  as  the  load  increases.  To  obviate 
this  adjustment,  small  commutating  poles  or  ‘  interpoles  ’  are 
placed  alternately  with  the  main  poles  and  excited  by  a  few  turns 
of  wire  in  series  with  the  load.  A  suitable  commutating  field  is 
thus  maintained  automatically  beneath  the  interpoles  at  all  loads. 
The  polarity  of  each  interpole  must  be  the  same  as  of  that  main 
pole  towards  which  the  brush  would  otherwise  have  to  be  moved. 
Clearly,  the  polarity  of  interpoles  with  regard  to  the  main  poles 
is  opposite  in  motors  to  what  it  is  in  generators,  but  by  connect¬ 
ing  the  interpole  windings  in  series  with  the  armature  the  correct 
polarity  is  produced  automatically  for  either  motor  or  generator 
action.  In  practice  a  shunt  having  inductance  is  connected  across 
the  terminals  of  the  interpole  winding  and  adjusted  for  sparkless 
commutation. 

140.  Generator  Excitation. — Permanent  magnets  are  used  to 
provide  the  magnetic  flux  in  small  magneto  generators,  such  as 
those  used  for  ignition  purposes  in  automobiles,  etc.,  for  some 
electro-medical  work,  and  for  the  measurement  of  speed  of  revolu¬ 
tion  (§  123).  All  generators  for  lighting  and  power  supply  are, 
however,  ‘  excited  ’  by  direct  current  passed  through  solenoids 
wound  round  cores  which  constitute  the  magnetic  poles  of  the 
field  system  (§§  40  et  seq .,  133).  Direct-current  generators  are 
generally  ‘  self-excited  5  by  part  of  the  current  produced  in  the 
armature,  the  several  methods  of  connecting  the  field  circuit  and 
the  resultant  characteristics  of  the  machine  being  as  described  in 
§  138.  There  is  no  reason,  save  that  of  convenience,  why  every 
D.C.  generator  should  not  be  ‘  separately  excited  ’  from  a  suitable 
independent  supply ;  this  is  only  done,  however,  in  the  case  of 
certain  types  of  boosters  (§  142)  and  in  some  methods  of  motor 
control  (Chapter  29)  when  it  is  desired  to  vary,  over  a  wide 
range,  the  E.M.F.  developed  by  a  generator  running  at  constant 
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speed.  All  D.C.  generators  for  ordinary  supply  purposes  are  self- 
excited. 

Alternators  deliver  only  alternating  current,  and  the  direct 
current  for  their  field  circuits  must  be  provided  from  an  inde¬ 
pendent  source.  Generally,  a  small  shunt-wound  D.C.  generator 
is  mounted  on  an  extension  of  the  alternator  shaft ;  this  generator 
r— commonly  called  the  ‘  exciter  —delivers  current  at  from  100- 
250  Y  to  the  alternator  field  circuit.  The  exciter  is  either  self- 
excited  or  separately  excited.  By  varying  the  resistance  in  the  field 
circuit  of  the  exciter,  the  voltage  applied  to  the  alternator  field 
circuit,  and  hence  the  A.C.  voltage  generated  by  the  alternator, 
can  be  controlled  (§  147).  To  allow  for  the  possibility  of  break¬ 
down  in  the  exciter  or  its  circuits,  it  is  usual  to  arrange  that  the 
alternator  can  be  excited  from  an  alternative  source  of  direct 
current,  such  as  a  steam-driven  D.C.  generator,  a  rotary  converter, 
a  motor  generator,  or  a  battery  of  secondary  cells.  In  water¬ 
power  plants  it  is  not  unusual  to  mount  the  exciter  between  a 
turbine  and  an  induction  motor,  so  that  it  can  be  driven  either 
independently  or  from  the  bus  bars  of  the  supply.  .In  some 
stations  all  the  alternators  are  excited  from  a  common  set  of  bus 
bars,  instead  of  by  individual  exciters  on  each  main  machine ;  it 
is  then  necessary  to  provide  two  independent  sources  of  supply 
for  the  D.C.  bus  bars,  one  source  being  held  in  reserve.  In  any 
case  provision  must  be  made  for  separate  adjustment  of  the  field 
strength  of  each  alternator  for  voltage  control. 

The  power  required  to  excite  an  alternator  rises  rapidly  as 
the  power  factor  of  the  A.C.  system  decreases  (§  155).  Under 
average  conditions  the  kW  capacity  of  the  exciter  is  from 
0*5  to  1*0  °/0  of  the  kW  capacity  of  high-speed  generators  (from 
10  000  to  1  000  kW  respectively)  and  about  twice  as  great  in 
the  case  of  low-speed  generators. 

141.  Balancers  and  Three-wire  Generators. — In  order  to 
combine  the  advantages  of  higher  voltage  for  transmission  and 
for  the  supply  of  power  loads  with  lower  voltage  for  the  supply  of 
incandescent  lighting  and  other  domestic  circuits,  direct-current 
systems  are  generally  operated  on  the  ‘  three-wire  system/  The 
energy  consumed  is  fed  to  the  ‘  outer  ’  conductors  at,  say,  440  V 
or  500  Y.  All  but  the  smallest  motors  are  connected  ‘  across  the 
outers/  but  lighting  and  small  power  devices  are  designed  for 
220  or  250  Y  (i.e.  half  the  voltage  between  the  outers'!  and 


generators  and  their  accessories 


141 


arranged  in  two  groups  of  as  nearly  as  possible  equal  current  con¬ 
sumption,  these  two  groups  being  connected  in  series  between  the 
outers.  As  the  two  groups  are  distributed  in  many  premises  it  is 
necessary  to  use  a  neutral  conductor  to  act  as  a  bus  bar  for  the 
series  connection  of  the  two  groups  and,  as  it  is  impossible  to 
maintain  exactly  equal  current  consumption  in  each  group,  it  is 
necessary  to  provide  some  means  of  dealing  with  the  out-of¬ 
balance  current,  otherwise  the  voltage  division  between  the  two 
groups  would  be  unequal  (cf.  §  95,  volt  box). 

The  simplest  method  of  supplying  a  3-wire  system  is  to  use  two 
generators  connected  in  series  between  the  outers,  the  common 
terminal  of  the  two  generators  being  connected  to  the  neutral  con¬ 
ductor.  This  arrangement  is  used  in  many  of  the  older  stations. 
The  two  generators  may  be  driven  by  one  engine,  and  if  the  load  is 
not  balanced,  accurately  between  the  two  sides  of  the  system  one 
generator  is  loaded  more  heavily 
than  the  other.  This  system  de¬ 
mands  constant  attention  in 
changing  feeders  from  one  side 
of  the  system  to  the  other  so  as 
to  equalise  the  load,  and  in  re¬ 
gulating  the  generator  fields  to 
maintain  equal  voltage,  notwith¬ 
standing  some  lack  of  balance  in  Fig.  33. — Motor-generator  balancer  for 
the  division  of  the  load.  A  less  3-wire  system, 

costly  equipment,  and  one  which  needs  less  attention  in  service,  con¬ 
sists  of  a  single  main  generator  designed  for  the  voltage  between  the 
outers,  and  a  motor-generator  set  the  machines  of  which  are  coupled 
mechanically  and  connected  electrically  in  series  across  the  outers, 
with  their  common  terminal  connected  to  the  neutral  (Fig.  33). 
The  operation  of  such  an  installation  is  explained  fully  in  Chapter 
20.  So  long  as  the  load  is  balanced  between  the  two  sides  of  the 
3-wire  system  the  two  machines  of  the  4  balancer  ’  set  run  as  motors 
in  series  across  the  outers.  If,  however,  the  load  be  unbalanced 
the  machine  which  is  connected  across  the  more  heavily  loaded 
side  runs  as  a  generator  (driven  by  the  other  machine)  and  supplies 
the  out-of-balance  current.  The  action  of  the  balancer  machines 
as  motor  or  generator  is  determined  by  the  division  of  voltage  be¬ 
tween  the  two  sides  of  the  system,  and  there  are  many  possible 
arrangements  for  the  field  circuits  of  the  balancers.  The  balancers 

1Q7 


ELECTRICAL  ENGINEERING  PRACTICE 


5  *4* 

shown  in  Fig.  33  are  compound- wound  (§  138),  the  shunt  field  for 
each  machine  being  connected  across  the  other  half  of  the  system 
and  the  series  coils  assisting  the  shunt  coils.  If  the  load  be  heavier 
on  the  side  B  of  the  system,  the  speed  of  the  machine  m  rises 
(due  to  the  increased  voltage  across  A  and  the  reduced  field 
strength)  and  this  machine  drives  g  as  a  generator,  the  field  of 
the  latter  being  simultaneously  strengthened .  Both  current  and 
voltage  balance  are  thus  maintained  within  close  limits. 

An  alternative  method  of  balancing  is  to  use  two  batteries  of 
storage  cells  (either  alone  or  in  conjunction  with  a  booster,  §  142) 
instead  of  the  machines  m,  g  (Fig.  33). 

Another  method  is  illustrated  by  Fig.  34  in  which  A  represents 
the  armature  winding  of  a  D.C.  generator  (supposed  two-pole  for 
simplicity)  connected  to  the  outers  of  a  3-wire  system.  Diamet¬ 
rically  opposite  points  B,C  on  the  armature  winding  are  connected 


Fig.  34. — Single-phase  static  balancer  Fig.  35. — Auxiliary  armature-winding 
for  3-wire  system.  used  for  balancing  3-wire  system. 

to  slip  rings,  the  brushes  on  which  are  connected  to  a  static 
balancer  8.  The  latter  is  a  choking  coil  (§  45)  of  such  impedance 
that  only  a  small  alternating  current  flows  through  it  from  the 
armature.  The  neutral  wire  of  the  system  is  connected  to  the 
centre  point  of  S  and  out-of-balance  current  flows  equally  in  both 
directions  from  this  point  to  the  armature,  encountering  only  the 
ohmic  resistance  of  S}  which  is  low.  Better  results  are  obtained 
by  connecting  the  neutral  to  the  common  terminal  of  three  choking 
coils  connected  in  ‘  star  ’  (§  143)  to  three  equidistant  points  on  the 
armature  winding.  Similarly,  if  a  rotary  converter  is  used  to 
supply  a  3-wire  system,  the  neutral  line  is  connected  (either 
directly  or  through  a  regulating  booster)  to  the  neutral  point  of 
the  low  voltage  side  of  the  transformer  feeding  the  converter. 

Fig.  35  represents  the  use  of  a  main  armature  winding  A  to 
feed  the  outers  of  a  3-wire  system,  and  an  auxiliary  winding  con¬ 
nected  between  three  equidistant  points  B,C,D  on  the  main 
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winding  and  a  slip  ring  connected  to  the  neutral.  The  auxiliary 
winding  is  in  the  same  slots  as  the  main  winding,  hut  has  only 
half  as  many  turns.  Exact  voltage  balance  is  maintained ;  the 
auxiliary  winding  deals  with  out-of -balance  current  and  adds  to 
the  output  of  the  machine  even  when  the  load  is  balanced. 

Instead  of  connecting  the  neutral  directly  to  the  centre  point 
of  S  (Fig.  34),  tappings  may  be  taken  from  points  MN,  at  equal 
distance  from  the  centre,  to  a  revolving  commutator  which  rectifies 
the  tapped  current  and  applies  it  to  the  more  heavily  loaded  side 
of  the  system.* 

142.  Boosters. — A  direct-current  booster  consists  simply  of  a 
motor-generator  designed  and  connected  in  one  of  many  alterna¬ 
tive  ways  according  to  the  purpose  which  it  is  to  serve.  For 
example,  to  compensate  for  pressure-drop  in  a  feeder,  the  motor 
of  a  boosting  motor-generator  set  may  be  connected  across  the 
mains  whilst  the  generator  armature,  in  series  with  the  positive 
conductor,  carries  the  full  current  flowing  in  the  latter,  and  adds 
a  few  per  cent,  -to  the  E.M.F.  operating  in  the  feeder  circuit, 
without  affecting  the  pressure  in  other  circuits  supplied  from  the 
same  bus  bars.  The  amount  of  ‘  boost  ’  may  be  regulated  by  hand 
control  of  the  generator  field,  or  by  such  connection  of  the  fields 
that  the  motor  speed  or  the  generator  field  (or  both)  increase  with 
increasing  load  on  the  feeder. 

An  alternative  method  of  regulating  the  voltage  delivered  by 
a  feeder  consists  in  ‘  floating  ’  a  storage  battery  across  the  far  end 
of  the  feeder.  The  cells  are  charged  through  the  cable  during 
light-load  periods ;  but  on  heavy  loads  the  supply  volts  at  the  end 
of  the  cable  tend  to  fall  below  the  battery  volts,  hence  the  cells 
discharge  and  limit  the  current  taken  through  the  cable.  So  long 
as  the  charge  or  discharge  of  the  cells  is  determined  solely  by  the 
voltage  at  the  far  end  of  the  feeder,  the  voltage  variation  is  bound 
to  be  considerable;  actually  it  is  about  2*2-T9  =  0*3  V  total 
variation,  or  0T5  Y  up  and  down  from  normal,  per  cell  in  the 
battery  ( e.g .  ±  37*5  V  variation  in  the  case  of  a  250-cell,  500  V 
battery).  If,  however,  the  charge  or  discharge  of  the  cells  be  de¬ 
termined  by  a  booster,  the  voltage  variations  at  the  far  end  of  the 
feeder  are  much  reduced.  The  booster  armature  is  in  series  with 
the  battery  and  adds  its  E.M.F.  to  the  feeder  voltage,  so  that  the 

* 4  Regulating  the  Voltages  of  a  3-wire  D.C.  System  Equalised  by  Static 
Balancers,’  R.  D.  Archibald.  Jour.  I.E.E •.,  Vol.  60,  p.  303. 


§  142  ELECTRICAL  ENGINEERING  PRACTICE 

battery  is  charged  when  the  load  on  the  feeder  is  light ;  when  the 
load  increases,  the  booster  E.M.F.  is  reversed,  i.e.  added  to  the 
battery  E.M.F.,  so  that  the  cells  discharge  and  relieve  the  feeder 
of  some  of  the  total  load.  The  requisite  variations  in  the  E.M.F. 
of  boosters  used  for  battery  regulation  are  generally  provided  by 
differential  excitation  of  the  field  system.  Thus  a  shunt  winding 
separately  excited  by  the  feeder  voltage  may  tend  to  cause  the 
booster  to  charge  the  battery,  whilst  a  series  winding,  carrying  all 
or  part  of  the  load  current,  may  tend  to  make  the  booster  dis¬ 
charge  the  battery.  In  other  systems  an  exciter  (§  140),  on  the 
same  shaft  as  the  booster  motor-generator,  is  regulated  automatic¬ 
ally  to  produce  that  direction  and  strength  of  excitation  in  the 
booster  which  gives  the  desired  boost. 

Whereas  a  floating  battery  without  booster  can  only  be  used 
with  shunt-wound  generators,  the  drooping  characteristic  of  which 
(Fig.  30,  §  138)  permits  the  battery  to  discharge  as  the  feeder 
load  increases,  a  battery  with  booster  regulation  can  be  used  in 
conjunction  with  a  main  generator  which  is  compounded  or  over¬ 
compounded  to  compensate  for  pressure  drop  in  the  feeder.  The 
field  cores  of  booster  dynamos  are  laminated  in  order  that  the 
flux  may  be  varied  rapidly  and  without  serious  eddy  current  loss. 

The  use  of  boosters  to  augment  the  generator  voltage  when 
charging  batteries,  and  to  supplement  the  battery  voltage  when  the 
cells  approach  discharge  is  explained  in  Chapter  18.  *  Negative  * 

boosters  are  used  to  reduce  the  pressure  drop  in  the  return  feeders 
of  a  tramway  and  thus  prevent  large  return  currents  straying 
from  the  rails  (Chapter  35). 

In  A.C.  circuits  ‘  boosting ’  may  be  effected  in  exactly  similar 
manner,  using  static  transformers  instead  of  rotary  machines. 
The  transformer  primary  is  connected  across,  and  the  secondary 
in  series  with,  the  circuit  to  be  boosted ;  and  variable-ratio  tap¬ 
pings  provide  for  voltage  regulation.  If  the  auxiliary  transformer 
be  used  to  oppose  the  main  pressure  it  is  called  a  ‘  bucking  ’  trans¬ 
former.  Where  continuous  gradation  of  boost  or  buck  is  needed, 
an  ‘  induction  regulator  ’  may  be  used.  This  consists  of  a  static 
transformer,  the  primary  of  which  is  wound  on  a  stator  and  the 
secondary  on  a  rotor;  there  is  a  very  small  air  gap  between  the 
stator  and  rotor  (no  more  than  mechanical  clearance),  and  the 
windings  are  arranged  so  that  the  E.M.F.  induced  in  the  secondary 
can  be  varied  by  changing  the  setting  of  the  rotor,  by  hand  or 
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servo-motor.  The  regulator  is  static  in  action,  the  rotor  being 
moved  through  a  fraction  of  a  revolution  to  change  the  boost  or 
buck.  The  presence  of  the  air  gap  makes  the  magnetic  leakage 
and  exciting  current  of  an  induction  regulator  high  compared 
with  those  of  an  ordinary  transformer. 

The  use  of  synchronous  A.C.  boosters  in  the  pressure  regula¬ 
tion  of  rotary  converters  is  mentioned  in  Chapter  17. 

Whether  boosting  statically  or  by  rotating  machinery,  the 
booster  must  be  capable  of  carrying  the  full  load  current  so  that 
if  the  pressure  is  to  be  boosted  (or  bucked)  by  n  °/G,  the  kVA 
capacity  of  a  booster  dynamo  or  the  secondary  of  a  boosting 
transformer  must  be  n  °/Q  that  of  the  load  supplied.  On  the  other 
hand,  the  capacity  of  the  motor  driving  a  booster  dynamo,  or  of 
the  primary  of  a  booster  transformer,  need  only  equal  the  maxi¬ 
mum  kVA  of  boost  (plus  an  allowance  for  losses  in  the  booster 
set).  This  distinction  is  important  in  the  case  of  a  booster  used 
for  battery  regulation ;  the  motor  capacity  may  be  considerably 
less  than  that  of  the  booster  dynamo  because  the  latter  must  be 
capable  of  supplying  the  maximum  voltage  of  boost  and  of  carry¬ 
ing  the  maximum  current ;  these  maxima  do  not  occur  simultane¬ 
ously,  and  it  is  the  maximum  actual  output  which  determines  the 
size  of  the  driving  motor. 

143.  Synchronous  Alternators :  Mesh  and  Star  Connec¬ 
tion. — The  synchronous  alternator  is  the  type  almost  invariably 
used  for  the  production  of  alternating  current  (see,  however,  §  144), 
and  throughout  this  book  the  term  ‘  alternator 5  is — in  accordance 
with  usual  practice — taken  to  mean  a  synchronous  machine  unless 
otherwise  specified.  This  machine  (which  is  reversible  and  can 
also  be  run  as  a  synchronous  motor)  consists  of  a  field-magnet 
system,  energised  by  a  separate  D.C.  exciter  dynamo,  and  a  system 
of  coils  in  which  A.C.  is  generated  As  explained  in  §  132,  there 
is  no  essential  difference  between  a  D.C.  dynamo  and  an  alternator. 
Single-phase  A.C.  is  produced  in  the  armature  winding  of  a  D.C. 
dynamo,  and  if  we  use  slip  rings  instead  of  a  commutator  we 
make  this  single-phase  current  available  in  the  external  circuit. 
By  mounting  three  single  coils  of  wire  on  the  armature,  the  angles 
between  the  coils  being  120",  we  obtain  three  distinct  single-phase 
currents  differing  120°  in  phase  ( see  Fig.  5,  §  15).  We  might 
collect  these  three  currents  separately  by  a  pair  of  slip  rings  for 
each  phase,  but  it  is  usual  to  connect  the  three  phases:  (i)  in 
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series  to  form  a  ‘  mesh  ’  or  ‘  delta  *  winding,  from  the  apices  of  which 
supply  is  taken  (Fig.  36) ;  or  (ii)  in  ‘star*  or  ‘  Y’  connection,  in 
which  case  one  end  of  each  phase  is  connected  to  a  common  neutral 
point,  and  supply  is  taken  from  the  three  remaining  terminals 
(Fig.  37).  ( See  also  Chapter  20.)  In  either  case  only  three  slip 

rings  are  required.  There  is  no  essential  difference  between  a 
single-phase  and  a  3-phase  alternator  except  for  the  provision 
of  the  additional  coils  for  the  second  and  third  phases. 

With  mesh  connection  (Fig.  36)  the  voltage  E  between  lines 
equals  the  phase  voltage  e  of  the  generator,  but  each  line  is  con¬ 
nected  to  two  separate  phases  and  the  line  current  I  =  ^3  times 
the  phase  current  i.  The  power  per  phase  =  ei  cos  9  (§  55)  =  {El 
cos  9)  /  ;  and  the  total  power  =  3  x  power  per  phase  = 

>s/3  EI  cos  6.  With  star  connection  (Fig.  37),  the  line  current  I 
equals  the  phase  current  %  but  the  voltage  between  lines  equals 


Fig.  37. — Star  or  Y  connection. 


s/2>  times  the  phase  voltage ;  the  total  power  =3  ei  cos  6  ** 
3(^/a/3)  I  cos  9  =  */3  EI  cos  9,  as  before.  For  given  phase 
voltage  and  current,  the  mesh  connection  requires  line  conductors 
of  larger  cross-section,  and  the  star  connection  requires  more  in¬ 
sulation  between  lines.  ( See  also  §  314.) 

The  standard  pressure  and  frequency  of  generation  are  dis¬ 
cussed  in  §  134 ;  and  voltage  regulation  in  §  147. 

144.  Asynchronous  or  Induction  Alternators. — The  asyn¬ 
chronous  or  induction  generator  consists  essentially  of  an  A.C. 
induction  motor  with  a  phase-wound  rotor  (Chapter  28),  the  latter 
being  driven  mechanically  at  higher  than  the  synchronous  speed 
(§  135  (3)).  There  is  no  special  field  winding  and  noD.C.  excita¬ 
tion  in  a  generator  of  this  type.  The  machine  can  only  be  used 
in  conjunction  with  synchronous  generators  (§  143),  the  latter 
magnetising  the  asynchronous  generator  and  also  ‘  setting  ’  the 
frequency  at  which  the  induction  machine  operates.  As  long  as 
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the  rotor  of  the  induction  machine  is  running  below  synchronous 
speed  the  machine  is  simply  an  induction  motor  (whether  or  not  it 
is  coupled  to  a  prime  mover) ;  but  directly  the  prime  mover  drives 
the  rotor  above  the  synchronous  speed  corresponding  to  the  fre¬ 
quency  of  the  synchronous  generators  and  the  number  of  poles  in 
the  induction  machine,  the  rotor  absorbs  power  from  the  prime 
mover,  and  current  induced  in  the  stator  windings  by  the  rotating 
polyphase  field  of  the  rotor  is  delivered  to  the  network,  thus 
supplementing  the  output  of  the  synchronous  generators.  Under 
all  conditions,  however,  the  synchronous  generators  supply  the 
magnetising  current  of  the  induction  generator,  hence  the  use  of 
the  latter  reduces  the  power  factor  of  the  system.  Notwithstand¬ 
ing  this  serious  disadvantage,  induction  generators  offer  a  con¬ 
venient  means  of  adding,  to  an  existing  A.C.  system,  power 
derived  from  a  windmill  (§  165)  or  small  water  turbine.  An  in¬ 
duction  generator  does  not  require  to  be  synchronised  (§  149)  and 
can  therefore  be  started  and  switched  into  circuit  by  simple 
automatic  gear  whenever  there  is  wind  or  water  power  available 
(§  187).  The  main  advantage,  however,  of  the  induction 
generator  in  the  utilisation  of  variable  natural  power,  lies  in  the 
fact  that  the  rotor  speed  bears  no  definite  relation  to  the  frequency 
of  the  current  produced.  The  speed  of  an  induction  motor  can 
be  varied  over  a  considerable  range  by  varying  the  resistance  of 
the  rotor  circuit  (Chapters  28,  29);  similarly,  the  rotor  speed  of 
an  induction  generator  can  be  adapted  to  the  requirements  of  a 
windmill  or  variable-head  water  turbine  over  a  considerable  range 
of  wind  or  water  conditions  by  varying  the  resistance  of  the  rotor 
circuit.  The  frequency  remains  constant  at  the  value  set  by  the 
synchronous  generators  on  the  system.  For  satisfactory  opera¬ 
tion  of  the  whole,  the  kVA  capacity  of  the  induction  generators 
should  not  exceed  one-eighth  that  of  the  synchronous  generators. 

145.  Mechanical  Features  of  Turbine-Driven  Alternators. — 
Small  and  medium-sized  alternators  may  be  driven  by  any  con¬ 
venient  prime  mover  (Chapter  6),  but  the  standard  machine  in  all 
large  stations  is  now  the  3-phase  alternator  driven  by  steam  or 
water  turbine.  The  mechanical  design  of  steam-driven  turbo¬ 
generators  is  influenced  primarily  and  to  a  very  marked  degree  by 
the  high  speed  at  which  the  steam  turbine  must  be  run  to  secure 
highest  efficiency.  It  is  possible  to  use  geared  turbines,  and  this 
arrangement  is  sometimes  applied  to  the  driving  of  D.  C.  generators, 


which  can  hardly  be  built  to  operate  well  at  efficient  turbine 
speeds.  A  better  solution,  however,  is  to  use  M-phase  alternators 
for  all  supply  purposes  in  turbo-driven  stations,  then  producing 
such  D.C.  as  may  be  required  by  use  of  rotary  convertors  or 
mercury  vapour  rectifiers  (Chapter  17).  rI  In*,  non-salient  pole 
type  of  alternator  is  practically  standard  construction  for  turbine 
driving.  It  is  compact,  economical,  and  can  be  built  in  any  i*e- 
quired  size.  The  design  and  construction  of  turbo-alternators  are 
matters  outside  the  scope  of  this  book,  but  the  following  notes 
give  a  useful  indication  of  the  difficulties  encountered  and  the 
general  means  by  which  they  are  overcome. 

In  early  days  tho  limitation  of  spood  imposed  by  generator  (Ionian  chocked  the 
development  of  the  turbine,  but  during  recent  years  both  turbine  and  generator 
have  been  so  developed  that  speeds  of  tho  combined  setn  have  reached  the  limits 
corresponding  to  2-pole  and  4-pole  design.  The  output  jstr  machine  has  been 
raised,  many  sets  now  yielding  up  to  0  250  kVa  at  8  000  r.p.m.;  20  000  kVa  at 
1  800  r.p.m. ;  and  yet  higher  ratings  at  I  500  r.p.m.  (00,  50,  and  25  cycles).  By 
way  of  example,  consider  a  20  000  kVa,  IS  200  V,  H-phase,  <X)  cycles,  4-polo  turbo¬ 
alternator.  Tho  design  of  such  a  mochino  represents  a  compromise  between 
stringent  mechanical  and  electrical  requirements.  Tho  rotor  (5 1  *  75  ins.)  weighs 
about  27  tons  and,  at  1  S00  r.p.m.,  attains  a  peripheral  apeo  l  of  about  24  000  ft. 
per  min.;  it  is  cut  into  irregularly  from  tho  periphery,  and  carries  much  metal 
which  is  not  solf-supporting.  The  centrifugal  force  acting  on  a  mass  of  1  lb.  at 
the  periphery  is  about  I  ton.  During  running,  considerable  radial  stress  exists 
right  into  the  centro,  and  wore  the  central  material  removed  by  luring,  material 
near  tho  boro  would  be  stressed  tangentially  t<>  about  i )  tons  per  nq.  in.  at  normal 
speed.  To  clirninato  the  difficulty  of  securing  the  necessary  reliability  in  very 
large  forgings,  and  to  ensure  that  none  but  intentional  internal  stresses  exist  in 
the  rotor  core,  tho  latter  may  bo  built  up  from  relatively  thick  rolled  steel  plates, 
machined  on  both  sides  and  slightly  rabbeted  into  one  another.  Such  steel  costs 
about  0*8d.  to  Id.  per  lb.,  and  is  a  good  deal  cheaper  than  alternative  material 
of  suitable  strength.  The  plates  are  held  together  and  to  the  flanged  shaft  at  each 
end  by  chromo-nickol  steel  bolts,  tightened  to  such  an  extent  that  the  rotor  has 
practically  tho  solidity  of  a  single  piece. 

This  plate  construction  obviously  facilitates  the  problem  of  providing  radial 
ventilating  slots  which,  in  conjunction  with  an  axial  passage  beneath  the  windings, 
give  a  good  distribution  of  air  for  ventilation.  The  pressure  of  the  rotor  coils  on 
their  wedges  (in  this  case)  exceeds  200  tons  p  r  slot  when  running  at  20  M/0  over 
speed.  Special  shop  equipment  is  needed  to  press  the  windings  into  their  slots, 
and  a  three-part  retaining  wedge  (consisting  of  a  central,  inverted  wedge  of  bronze 
and  side  strips  of  steel)  has  mechanical  and  magnetic  advantages.  The  free  copper 
in  that  part  of  tho  rotor  windings  external  to  the  core  may  be  supported  by  a 
weldless  chromo-nickel  steel  ring  designed  to  carry  its  own  load  (about  7J  tone/  sq. 
in.  at  normal  speed),  and  that  of  the  Copper  beneath,  without  radial  support  from 
the  rotor.  Steel  is  used  for  the  retaining  rings,  in  spito  of  the  electrical  and 
magnetic  difficulties  it  introduces,  because  mechanical  conaiderationH  must  here 
take  precedence.  A  comparatively  thin  sheet  of  drawn  copper  outside  the  ring 
carries  sufficient  current  to  protect  the  magnetic  material  below  from  stray  flux. 
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Circumferential  bracing  of  the  rotor  winding  outside  the  slots  is  provided  by 
built-up  stool  driving  horns  bolted  to  the  shaft,  and  by  blocking  intermediate  coils 
from  each  other. 

It  is  sound  practice  to  build  such  a  machine  as  this  so  that  it  will  withstand 
dead  short  circuiting  at  its  terminals  when  running  excited  and  giving  full  voltage. 
Naturally,  this  ability  should  not  be  made  an  excuse  to  slackon  precautions  taken 
to  avoid  short  circuits.  A  certain  amount  of  external  reactance  has  its  use  in  some 
cases  in  limiting  current  flow  on  short  circuit ;  and  poor  inheront  voltage  regula¬ 
tion  and  comparatively  low  ratio  between  full-pressure,  no-load  oxcitation  and 
full-current,  short-circuit  excitation  are  desirable.  Enormous  forces  are  exerted 
upon  the  windings  of  the  machine  when  short  circuit  occurs  ;  the  support  given 
to  the  projecting  rotor  winding  to  protoct  it  against  centrifugal  forco  may  bo 
made  to  cover  also  short-circuit  stresses;  the  stator  winding  maybe  braced  by 
oast-bronze  herring-bone  bars  placed  between  the  two  layers  of  the  ond  connec¬ 
tions,  the  casting  having  fins  projecting  between  the  two  cotls  on  each  sido  of  it, 
so  as  to  roproduco  practically  slot  conditions. 

To  keep  down  oddy-currcnt  losses  in  tho  heavy  stator  conductors,  the  lattor 
may  bo  composed  of  a  series  of  insulated  strip-strands,  transposed  from  slot  to 
slot,  and  connected  together  only  at  tho  beginning  and  ond  of  tho  coil  to  which 
they  belong.  As  a  precautionary  measure,  the  stator  insulation  should  be  as  noarly 
fireproof  as  possible.  Various  improvements  have  been  effected  in  tho  uso  of 
mica  in  this  connection,  and  it  is  possible  that  such  materials  as  fused  silica  may 
yet  come  into  use  for  insulation  purposes  on  large  generators.  So  long  as  tho 
insulation  hold  out  there  would  bo  no  reason  to  bo  alarmed  at  very  high  local 
temperatures  in  such  a  machine.  (A.  B.  Field,  Jour.  T.KJi].,  54,  pp.  65  et  Mq.y 
abridged). 

S&e  (Uho  ‘  Problems  in  High  Speed  Alternators  and  Their  Solution,’  J.  Rosen. 
Jour.  Yol.  61,  p.  439. 

Steam-driven  turbo- alternators  have  been  built  for  outputs 
up  to  (JO  000  kW  (§  173),  but  units  of  20  000  to  40  000  kW  are 
generally  considered  to  be  more  convenient  and  to  give  higher 
overall  efficiency  in  working.  F ailures  of  (steam)  turbo-generators 
and  suggestions  for  improvements  are  discussed  in  a  paper  by 
J.  Shepherd,  Jour.  I.E.E. ,  Vol.  58,  p.  125. 

The  normal  speed  of  water-wheel  alternators  is  relatively  low, 
but  the  rotor  diameter  is  correspondingly  large,  and  it  is  necessary 
that  the  rotor  should  safely  withstand  the  4  runaway  ’  speed  of 
the  turbine  (possibly  twice  the  normal  speed).  The  vertical  shaft 
generators  in  the  Queenston  hydro-electric  station  (Ontario)  are 
rated  at  45  000  kVA  (each),  3  phase,  12  000  V,  25  cycles, 
187  r.p.rn.,  and  are  coupled  directly  to  55  000  h.p.  water  tur¬ 
bines.  The  height  of  the  generator  to  the  top  of  the  exciter  is 
35  ft. ;  the  diameter  of  the  generator  casing  is  244  ft. ;  and  tho 
main  (>i)  in.  thrust  bearing  is  designed  for  a  load  of  450  tons  in¬ 
cluding  the  weight  of  the  rotor  and  the  water  thrust  on  the 

o  c\k 
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turbine.  (For  further  details  see  EL  World,  Vol.  77,  p.  b97,  and 
EL  Rev.,  Vol.  91,  p.  105.) 

146.  Efficiency  and  Ventilation  of  Generators.  -  The 

efficiency  of  very  small  generators,  up  to  10  kV\  capacity,  in 
usually  between  85  and  00  °/„;  that  oi  large,  generators,  from 
1  000  to  10  000  kVA  or  higher,  is  usually  between  04  and  9(>  #/n. 
The  value  of  the  efficiency  and  the  load  at  which  it  is  a  maximum 
can  be  varied  by  the  designer.  Increasing  the  weight  of  copper 
in  the  machine  (relative  to  the  weight  of  iron)  increases  the  load 
at  which  maximum  efficiency  is  reached  ;  whereas  increasing  the 
relative  weight  of  iron  causes  maximum  efficiency  to  be  reached 
at  lower  load.  The  best  value  for  the  efficiency  of  a  large 
generator  within  the  range  94  to  9(>  w  determined  by  the  cost 
of  the  higher  efficiency  compared  with  the  value  of  the  increased 
output  (§  193). 

Engine-driven  generators  are  generally  of  open  construction 
and,  being  relatively  low-speed  machines,  they  are  of  relatively 
large  dimensions.  There  is  consequently  no  difficulty  in  dis¬ 
sipating  the  losses  without  excessive  temperature  rise.  In  large 
turbine-driven  generators,  however,  ventilation  constitutes  a  very 
serious  problem,  owing  to  the  increased  power  and  decreased  size 
(per  kW)  of  individual  machines.  The  total  losses  in  a  10  000  kW 
alternator  may  be,  say,  5  %  011  full  load.  Expressed  as  a  per¬ 
centage,  the  loss  is  very  small,  but  in  point  of  fact  it  represents 
about  500  kW  expended  as  heat  (say  17  therms  per  hour)  in  a 
close-built  mass  of  metal  and  insulation,  the  overall  volume  of 
which  is  about  equal  to  that  of  a  large  living-room.  Natural 
ventilation  by  ducts  in  the  cones  and  openings  in  the  frames  is 
no  longer  sufficient.  A  network  of  air-passages  must  be  pro¬ 
vided,  and  through  these  Hugo  quantities  of  air*  must  be  driven 
either  by  a  blower  forming  an  integral  pirt  of  the  machine  or 
by  a  central  blower  delivering  air  through  ducts  to  a  number  of 
machines.  The  latter  arrangement  is  obviously  the  more  efficient, 
and  it  permits  air  to  bo  drawn  conveniently  from  some  point 
outside  the  power  house  and  thoroughly  cleansed  Indore  admission 
to  the  generator.  Fouling  of  air-ways  and  deterioration  of 
insulation  are  thus  prevented.  Linen  filters  take  up  a  good  deal 

■"■From  90-100  cu.  ft.  of  free  air  per  min.  pur  kW  of  lorn,  or  ft  «»u,  ft.  per 
min.  per  kW  of  generator  capacity ;  nay,  75  000  cu.  ft.  per  min,  in  the  coho  of  a 
15  000  kW  alternator. 
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°f  room  and  need  periodical  cleaning ;  should  they  be  set  on  fire, 
file  generator  may  be  damaged  before  a  safety  door  and  fusible 
fihk:  combination  in  the  air-duct  has  time  to  act.  Water-spray 
filters  are  more  compact ;  they  are  very  effective,  offer  minimum 
Resistance  to  air-flow,  need  a  minimum  of  attention,  and  are  more 
Economical  where  large  plants  are  concerned.  Air  is  cooled  as 
Well  as  filtered  by  the  waste  spray  apparatus,  and  the  moisture 
fiftparted  to  the  air  is  no  disadvantage  so  long  as  actual  drops 
°f  liquid  are  not  carried  forward  in  suspension.  Another  type 
°f  filter  which  gives  good  results  consists  of  a  chamber  filled 
With.  short  lengths  of  metal  tubing  (about  1  in.  long  x  1  in.  dia.)  ; 
these  tubes  are  jumbled  so  that  air  flowing  through  the  chamber 
has  to  follow  a  tortuous  path,  in  the  course  of  which  all  dust  is 
Retained  by  the  film  of  non-drying  oil  with  which  the  tubes  are 
coated.  The  tubes  are  cleaned  and  re-coated  at  intervals  of  some 
Weeks  or  months  as  required. 

In  the  40  000  kW  alternators  of  the  Gennevilliers  station*  the 
ventilating  air  is  in  a  closed  circuit.  This  eliminates  the  problem 
of  filtering  huge  volumes  of  air.  Condensate  from  the  turbine 
condenser  is  passed  through  an  air-cooler  which  cools  the  ventilat¬ 
ing  air  and  returns  the  heat  of  the  latter  fco  the  boiler,  thus 
improving  the  overall  efficiency. 

The  temperature  rise  of  air  passing  through  the  generator 
may  be  calculated  from  the  formula — 

Temperature  rise  (°F.)  —  2  916  x  kW  loss  /  cu.  ft.  of  air  per 
min  -  Allowing  100  cu.  ft.  of  air  /  min.  /  kW  loss,  the  temperature 
rise  is  approximately  30°  F. 

The  warm  air  could  be  led  to  the  boiler  furnaces  and  would 
result  in  about  1  °[o  increase  in  overall  thermal  efficiency ;  this 
does  not  offer  a  very  promising  return  on  the  capital  and  mainten¬ 
ance  costs  of  the  ducts  required. 

The  problem  of  dissipating  the  losses  in  large  turbo-generators 
is  simplified  by  the  use  of  water  instead  of  air  as  a  cooling  medium 
because  the  specific  heat  of  water  is  1*0  compared  with  0*24  for 
air,  i.e.  1  lb.  of  water  removes  more  than  four  times  as  much  heat 
as  1  lb.  of  air  for  the  same  temperature  rise.  In  the  Parsons  water- 
cooled  alternator  rotor,  water  is  fed  to  a  central  passage  bored 
along  the  axis  of  the  solid  rotor  forging.  Thence,  the  water 
passes  through  radial  holes  at  one  end  of  the  rotor  to  weldless 

*El.  Rev.,  Yol.  92,  p.  604. 
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steel  tubes  embedded  at  the  bottom  of  the  winding  slots ;  hot 
water  is  collected  from  these  tubes  by  radial  holes  at  the  other 
end  of  the  rotor  and  cooled  for  recirculation.  The  more  extensive 
use  of  water  cooling  in  turbo-generators  is  discussed  by  J.  Shep¬ 
herd,  Jour.  L.E.E.,  Vol.  58,  p.  125. 

147.  Voltage  Regulation. — Whereas  in  a  D.C.  generator  the 
alteration  of  pressure  between  no-load  and  full-load  is  independent 
of  the  character  of  the  load,  this  is  not  so  in  an  alternator.  The 
British  standard  definition  *  of  the  regulation  of  an  altornator 
is  as  follows : — 

The  normal  inlioront  regulation  of  an  altornator  in  tins  mo  in  pressure  from 
rated  output,  at  the  spoeifiod  power  factor  and  rated  pressure,  to  no-load,  with 
constant  speed  and  oxcitation  ;  the  rise  in  pressure  is  the  difference  between  the 
pressure  at  rated  output  and  at  no-load  stated  an  a  percentage  of  the  rated 
pressure  (B.E.S.A.  Report  No.  72). 

The  actual  value  of  the  inherent,  regulation  varies  with  the 
power  factor  of  the  load  (§  155),  and  increases  with  the  reactance 
of  the  alternator  windings.  Formerly  it  was  usual  to  specify  dose 
inherent  voltage  regulation  (say,  5  "/J  hut  this  involved  low  re¬ 
actance  in  the  altornator  and  resulted  in  the,  current  rising  to  20 
or  more  times  the  normal  value  in  the  event  of  short  circuit 
Apart  from  the  excessive  heating  caused  by  such  a  current,  should 
it  endure,  there  are  produced  enormous  mechanical  forces  (§  338) 
which  may  wreck  the  machine.  For  these  reasons,  and  because 
the  parallel  operation  of  synchronous  machinery  is  more  stable 
vhen  there  is  considerable  reactance  in  the  circuit,  it  is  now  usual 
o  employ  alternators  of  high  internal  reactance  ;  choking  coils  are 
also  placed  in  series  with  the  generator  phases  for  protective 
purposes  (§  340).  A  method  of  determining  tins  inductance  of 
alternators  is  given  in  Chapter  40. 

With  constant  excitation  the  voltage  of  a  modem  alternator 
would  drop  by  from  6-10  %  from  no-load  to  full-load  if  the 
latter  were  a  non-inductive  lighting  load,  and  by  from  20-25  9]0 


*  The  regulation  thus  defined  is  often  nailed  the  **  regulation  up  ”  in  distinction 
from  the  “regulation  down,”  which  in  an  alternative  (non-standard)  definition  of 
regulation  as  the  drop  in  voltage  from  tin  load  to  full-load  expressed  m  a  per¬ 
centage  of  the  no-load  voltage,  the  spued  being  constant  and  the  excitation  being 
constant  at  the  value  required  to  produce  rated  voltage  at  no-load.  A  given 
percentage  regulation  in  obtained  more  easily  and  cheaply  when  the  nt^ndard 
^regulation  up)  definition  is  employed. 
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oi'  more  *  if  the  load  were  of  power  factor  0'8.  In  practice  the 
voltage  is  kept  constant,  or  raised  with  the  load,  by  altering  the 
excitation  of  the  field.  If  the  load  variations  be  gradual,  the 
field  regulation  may  be  effected  by  hand  or  by  a  servo-motor  con¬ 
trolled  by  a  contact-making  voltmeter.  Generally,  however,  an 
automatic  voltage  regulator  is  employed  There  are  many  types 
of  these  regulators  in  use,  differing  considerably  in  construction, f 
but  they  all  operate  by  varying  the  field  current  of  the  exciter 
(§  140)  and  so  the  excitation  of  the  alternator.  A  solenoid  con¬ 
nected  between  two  of  the  leads  from  the  generator  produces  a 
pull  which  increases  or  decreases  with  the  generator  voltage ;  if 
required  the  solenoid  can  be  ‘  compounded '  by  a  coil  carrying  a 
fraction  of  the  main  current  and  opposing  the  action  of  the  voltage 
coil  so  as  to  increase  the  generator  voltage  with  increasing  load 
The  pull  of  this  solenoid  is  utilised  to  vary  the  resistance  in  the 
exciter  field  circuit.  Complications  in  electrical  and  mechanical 
construction  are  required  to  secure  rapid  action  and  to  prevent 
the  alternator  voltage  from  ‘  hunting  5  above  and  below  normal, 
but  these  do  not  affect  the  principle  of  operation. 

148.  Parallel  Running  of  D.C.  Generators. — So  long  as  they 
are  of  approximately  the  same  construction  and  designed  for  the 
same  pressure,  any  two  or  more  shunt-wound  dynamos  may  be 
connected  in  parallel,  i.e.  to  supply  energy  to  the  same  circuit, 
without  any  particular  difficulty  or  risk.-  If  two  such  generators 
be  exactly  similar,  and  if  both  yield  the  same  E.M.F.  at  any 
particular  load,  each  machine  will  take  half  the  total  load.  If 
one  should  take  temporarily  more  than  its  fair  share  of  the  load 
for  any  reason,  its  E.M.F.  would  fall  below  that  of  the  other 
dynamo  (for  the  voltage  of  a  shunt  dynamo  decreases  with  in¬ 
creasing  load,  see  Fig.  80,  §  138),  and  hence  the  state  of  balance 
would  be  restored  automatically.  The  terminal  potential  difference 


*  In  the  40  000  hW  alternators  at  Gennevilliers  (§  196)  the  voltage  drop  be¬ 
tween  no-load  and  full-load  at  0*8  power  factor  is  33  *3  0/o.  The  stator  slots  are 
designed  so  that  the  magnetic  leakage  is  particularly  high  ;  the  inductive  drop  due 
to  leakage  is,  with  normal  current,  24  °/0  of  the  normal  pressure  (10*2  0/o  due  to  the 
slot  leakage  and  9*5  %  to  the  end  connectioas).  The  short-circuit  current  of  these 
machines  is  only  about  4*2  times  normal  full-load  curreufc.  {El.  Rev.,  Vol.  92, 
p.  604.) 

fFor  descriptions  see  C.  O.  Garrard,  The  Electrician ,  Vol.  74,  p.  107,  and 
Whittaker’s  Electrical  Engineer's  Tocket  Boole,  6th  ed.,p.  434  ;  also  H.  N.  George, 
British  Westinghouse  Gazette ,  Vol.  4,  p.  206. 

vox.,  i.  209 
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of  a  shunt  dynamo  is  V  «  (E  -  IB)  volts,  where  E  is  the  E.M.F., 
I  the  armature  current,  and  B  the  armature  resistance.  If  two 
shunt  generators  having  equal  E.M.F.  operate  in  parallel,  the 
terminal  P.D.  is  the  same  for  each,  hence  (E1  -  IjRJ  = 
{E2  -  I2E2).  In  other  words,  / 72  =  B2  /  Bv  ie.  the  generators 
share  the  load  in  inverse  proportion  to  their  armature  resistances, 
so  long  as  the  E.M.F.  E1  =  E21  to  distribute  the  load  in  other 
than  this  proportion,  E1  or  E2  is  varied  by  shunt  field  regulation. 
If  I2  increases,  E2  is  reduced  (Fig.  30),  so  that  the  normal  state  of 
affairs  is  quickly  restored.  If  the  speed  of  machine  No.  1  falls, 
Ex  decreases,  hence  I1  decreases  as  well,  to  keep  the  difference 
(2£  -  12^)  constant.  By  weakening  the  field  and  decreasing 
the  speed  of  one  dynamo  its  E.M.F.  may  be  made  lower  than 
the  terminal  P.D.  of  the  other  machine.  In  that  event  the  first 
machine  runs  as  a  shunt  motor,  but  does  not  take  an  excessive 
current  ( cf .  series  generators  below). 

In  the  case  of  two  series  generators  working  in  parallel,  we 
must  still  satisfy  the  condition  V  =  (E±  -1^)  =  (E2  -  I2R2)- 
So  long  as  this  is  done,  the  generators  work  satisfactorily  in 
parallel,  but  if  the  current  through  one  dynamo,  say  72,  increases 
beyond  the  value  satisfying  the  above  equation,  the  E.M.F.,  E2,  of 
that  machine  increases  (Fig.  31).  Simultaneously,  however,  7X 
and  therefore  E1  will  have  decreased,  so  that  a  yet  bigger  share 
of  the  load  now  falls  on  the  second  machine,  i.e.  I2  and  E2  increase 
~et  further,  and  so  on  until  this  machine  carries  the  whole  load, 
’he  most  serious  trouble  occurs  after  that,  for  the  unloaded 
.ynamo  then  begins  to  run  as  a  series  motor,  and  we  have  a  series 
dynamo  practically  short-circuited  on  a  series  motor,  with  the 
result  that  both  machines  burn  out.  The  only  way  to  prevent 
this  action  is  to  interconnect  the  armature-field  connections  of  the 
two  machines  {i.e.  the  brushes  to  which  the  series  field  windings 
are  connected)  by  an  ‘  equalising  ’  conductor.  In  order  that  the 
latter  may  be  effective,  it  is  essential  that  its  ohmic  resistance  be 
low  as  compared  with  that  of  the  field  coils,  which  are  themselves 
of  low  resistance. 

From  these  remarks  it  will  be  seen  that  D.C.  generators  hav¬ 
ing  a  drooping  voltage-current  characteristic  can  be  operated 
stably  in  parallel  without  any  trouble,  whereas  generators  with 
a  rising  voltage-current  characteristic  are  inherently  unsuitable 
for  parallel  operation.  Compound- wound  dynamos,  with  rising  or 
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flat  characteristic  curve,  require  an  equalising  circuit  for  stable 
operation  in  parallel ;  this  is  run  between  the  positive  brushes  of 
the  various  machines  when  working.  Each  equaliser  bar  lias  a 
switch  which  must  be  closed  before  the  machines  are  paralleled, 
and  kept  closed  so  long  as  the  machine  to  which  it  corresponds  is 
working  in  parallel  with  one  or  more  others. 

In  most  central  stations  shunt-wound  generators  are  used, 
even  though  batteries  l>e  not  installed.  As  explained  in  §  13<S, 
the  field  of  a  shunt  dynamo  is  generally  built  up  from  residual 
magnetism  in  the  iron,  but  this  magnetism  may  bo  so  weak  that 
the  generator  is  incapable,  of  self-excitation,  or  it  may  be  reversed 
so  that  what  was  the  positive  brush  one  day  becomes  the  negative 
brush  next  day.  It  is  therefore  customary  to  excite  the  magnets 
from  the  bus  bars  before*,  putting  a  machine  in  circuit ;  this  ommroH 
correct  polarity.  When  starting  a  plant  for  the  first  time,  it  may 
he  necessary  to  excite,  the  magnets  from  a  small  battery  till  the 
building-up  process  gets  under  way.  So  long  as  the  polarity  is 
correct,  the  incoming  machine  can  be  switched  in  parallel  directly 
its  E.M.F.  is  equal  to  or  (to  allow  for  tint  drop  occurring  directly 
the  machine  takes  load),  a  little  above,  that  of  the  machines  already 
in  service.  Thereafter  load  is  distributed  between  the  machines 
automatically  or  by  field  regulation,  as  already  explained.  If  a 
compound-wound  generator  refuses  to  excite  normally,  it  can 
generally  bo  made  to  do  so  by  immmtarily  short-circuiting  the 
main  terminals-— assuming,  as  in  the  case  of  the  shunt  machine, 
that  the  connections  are  correct  and  that  the  brushes  are  down  on 
the  commutator.  This  short-circuiting  is  best  effected  by  a  small- 
diameter  copper  wire  put  between  the  terminals  before  the 
machine  is  started;  the  wire  fuses  before  the  short-circuit  current 
reaches  a  dangerous  value.  After  closing  the  equalising  switch 
and  bringing  up  the  pressure  of  the  incoming  machine,  the  main 
switch  is  closed  and  parallel  running  established. 

149.  Parallel  Running  of  Alternators :  Synchronising  and 
Synchroscopes. — Alternators  of  all  types  and  sizes,  provided 
they  are  wound  for  the  same  number  of  phases  and  cycles,  and 
for  the  same  pressure,  can  he  run  in  parallel,  but  it  is  preferable 
that  their  wave  forms  should  be  similar ;  *  the  3- phase  plant  in 

*B.E.8.A.  Report  No.  72  require#  that  the  wave  form  of  an  alternator  on 
open  circuit  shall  approximate  to  a  sine  wave.  The  maximum  deviation  of  the 
aotuai  wave  from  the  equivalent  nine  wave  (same  R.M.8.  value  and  same  wave 
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two  hydro-electric  stations  over  350  miles  apart,  in  California,  is 
feeding  the  same  network  in  this  way.  The  most  satisfactory 
parallel  working  is  obtained  when  the  alternators  are  driven  by 
steam  turbines,  as  the  turning  moment  of  these  during  each 
revolution  is  absolutely  regular;  this  is  not  the  case  with  re¬ 
ciprocating  engines,  although  by  scientific  balancing  of  the 
rotating  parts,  and  the  use  of  heavy  flywheels,  a  fair  approxima¬ 
tion  to  an  even  turning  moment  can  be  obtained.  Even  in  water 
turbines  there  is  some  periodic  variation  in  turning  moment, 
especially  in  impulse  turbines  where  the  tangential  force  may 
vary  in  the  ratio  1 :  2  as  the  bucket  passes  through  the  jet.  If 
through  any  such  irregularity  the  machines  get  slightly  ‘  out  of 
step’  the  magnetic  effect  of  the  interchange  currents  set  up 
between  them  pulls  them  back  again  into  synchronism.  It  is 
not  uncommon,  however,  for  trouble  to  be  experienced  in  the  way 
of  heavy  interchange  currents  between  alternators  connected  in 
parallel  and  driven  by  steam  turbines  and  horizontal  reciprocating 
engines  respectively.  Such  trouble  is  due  to  difference  in  the 
‘  cyclic  irregularity  ’  of  speed  *  of  the  two  prime  movers,  and  may 
generally  be  cured  by  increasing  the  flywheel  effect  of  the  engine- 
driven  alternator.  The  actual  behaviour  of  machines  in  parallel 
depends  upon  the  mechanical  constants  of  all  the  machines ;  in 
some  cases  two  sets  may  not  run  well  in  parallel  but  each  may 
run  satisfactorily  in  parallel  with  a  third  set.  Much  information 
on  the  hunting  of  alternators  in  parallel  is  given  by  J.  Fischer- 
Hinnen,  Electrician,  Vol.  89,  p.  185. 

Synchronising  and  Synchroscopes. — When  it  is  desired  to 
connect  another  machine  into  circuit  with  those  already  running 
on  load,  it  is  brought  up  to  about  the  correct  speed  and  the  field 
strength  is  varied  until  the  voltage,  at  that  speed,  is  approxi¬ 
mately  the  same  as  that  on  the  bus  bars ;  it  is  then  necessary  to 
get  the  successive  waves  of  E.M.F.  on  the  incoming  machine  into 
exact  synchronism  with  those  already  working  on  the  load,  so 
that  the  periodicities  are  precisely  equal  and  also  the  crests  of 


length),  when  superimposed  on  it  so  as  to  give  the  least  difference,  should  not 
exceed  10  °/0  of  the  maximum  ordinate  of  the  sine  wave. 

*  The  cyclic  irregularity  of  a  prime  mover  is  generally  defined  as  the  ratio  of 
the  difference  between  the  maximum  and  minimum  angular  speeds  to  the  mean 
angular  speed  of  the  driving  shaft  during  one  revolution.  This  ratio  should  not 
exceed  1  /  150  and  is  generally  lower. 
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corresponding  waves  are  attained  at  the  same  instant.  In  the 
early  days  of  alternating  current  working  this  was  a  troublesome 
matter,  and  the  moment  of  closing  the  paralleling  switch  was  an 
anxious  one;  at  the  present  day  instruments  known  as  syn¬ 
chronisers  or  synchroscopes  render  the  operation  simple.  Of  these 
there  are  a  number  of  types  in  use,  employing  either  ( a )  a  lamp 
or  a  voltmeter,  or  (6)  a  dial  and  needle  to  indicate  when  the  exact 
coincidence  of  phase  occurs.  In  the  former  type  the  lamp  or 
voltmeter  is  connected  to  the  secondary  of  a  small  transformer, 
having  two  primary  windings  connected  to  the  machine  and  bus 
bars  respectively ;  the  windings  are  so  designed  that  only  when 
the  two  primaries  are  exactly  together  will  the  resulting  secondary 
pressure  be  high  enough  to  light  the  lamp.  As  synchronism  is 
approached  the  lamp  lights  up  and  then  becomes  dark  at  longer 
and  longer  intervals,  and  when  it  remains  at  full  brightness  the 
connecting  switch  is  closed.  The  machines,  however,  may  be  as 
much  as  16  (electrical)  degrees  out  of  phase  before  the  synchronis¬ 
ing  voltmeter  shows  1  °/0  variation  from  its  maximum  reading, 
so  that  a  little  error  of  judgment  may  result  in  a  considerable 
shock  when  switching  in,  while  there  is  nothing  to  show  which 
machine  is  the  faster. 

Dial  instruments  consist  either  of  a  miniature  induction  motor 
or  of  a  dynamometer  movement ;  the  needle  revolves  in  one 
direction  or  the  other  according  to  whether  the  speed  of  the  in¬ 
coming  machine  is  too  high  or  too  low.  When  the  needle  becomes 
stationary  the  machines  are  in  step.  Maintained  identity  of  phase 
implies  equality  of  frequency,  hence  it  is  unnecessary  to  use  a 
frequency  meter  (§  112)  for  synchronising. 

In  the  Weston  synchroscope  (Fig.  38)  the  moving  element 
consists  of  a  very  light  dynamometer  movement  pivoted  between 
jewels  and  connected  through  a  condenser  across  the  terminals  of 
the  incoming  machine.  The  fixed  coil,  which  is  wound  in  two 
sections,  is  connected  across  the  line  through  a  resistance.  The 
pointer  is  behind  the  translucent  glass  scale,  which  is  illuminated 
by  a  lamp  connected  to  the  central  coil  of  a  transformer,  having 
two  primary  coils  connected  across  the  bus  bars  and  the  incoming 
machine  respectively,  so  as  to  glow  brightly  when  the  machines 
are  in  synchronism ;  thus  only  when  the  lamp  is  alight  is  the 
shadow  of  the  pointer  seen.  As  the  one  circuit  contains  a  con¬ 
denser  and  the  other  a  slightly  inductive  resistance,  it  is  possible 
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to  adjust  their  constants  so  that  the  currents  in  the  two  will  he 
in  exact  quadrature  when  the  E.M.F.’s  are  either  in  phase  or  in 
opposition,  and  under  these  conditions  no  torque  will  be  exerted 
and  the  pointer  will  stand  in  the  centre  of  the  scale.  Since  the 
lamp  is  dark  when  the  E.M.F.’s  are  in  opposition  and  light  when 
they  are  in  coincidence  and  have  the  same  frequency,  the  shadow 


Fig.  38. — Connections  of  Weston  synchroscope. 


of  the  pointer  will  be  seen  at  rest  in  the  middle  of  the  scale  when 
perfect  synchronism  is  attained.  But  when  the  E.M.F.’s  are  not 
exactly  in  phase  or  in  opposition,  there  will  be  a  torque  tending 
to  turn  the  movable  coil,  and  the  value  of  this  torque  will  increase 
with  the  phase  displacement,  its  direction  depending  upon  the 
relative  direction  of  the  currents  in  the  coils.  If  the  machines 
are  not  running  at  the  same  frequency  the  torque  will  vary  con- 


Otinuously  from  zero  to  plus  maximum  and  back 
through  zero  to  minus  maximum,  thus  causing 
the  pointer  to  swing  back  and  forth  over  the 
scale  (Fig.  39).  Each  swing  will  coincide  with 
a  period  of  light  or  darkness,  and  the  pointer 
will  be  seen  only  during  every  other  swing, 
that  is,  it  will  appear  to  rotate  in  one  direction. 
Fls%chroscope.°f  ^he  direction  of  this  apparent  rotation  in¬ 
dicates  whether  the  incoming  machine  is  fast 
or  slow,  and  the  speed  of  rotation  is  a  measure  of  the  amount 


Fig.  39. — Dial  of 
synchroscope. 


by  which  the  frequencies  differ.  It  is  clearly  better  to  switch  in 
when  the  incoming  machine  is  slightly  ahead  of  those  already 
connected,  or  on  a  ‘  rising  phase ;  ’  the  machine  will  then  drop 
into  phase  as  it  takes  up  load  instead  of  having  to  be  pulled  in. 

The  Everett-Edgcumbe  synchroscope  uses  a  similar  indicating 

on  a 
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dial  to  that  last  described,  but  the  moving  needle  is  connected  to 
the  rotor  of  a  miniature  2-phase  motor,  in  which  one  set  of  wind¬ 
ings  is  fed  from  the  bus  bars  and  the  other  set  from  the  incoming 
machine.  If  the  bus  bar  frequency  is  the  same  as  that  of  the 
incoming  machine  these  fields  will  rotate  in  step,  and  the  rotor 
will  remain  at  rest.  If,  however,  the  frequency  of  the  current  in 
one  set  of  coils  is  higher  than  that  in  the  other  set,  then  the 
tendency  of  the  two  fields  to  keep  in  step  will  cause  the  rotor  to 
revolve  in  the  same  direction  as  the  fields,  and  thus  indicate  ‘  fast ' 
or  ‘slow/  A  red  or  green  lamp,  visible  from  the  stop  valve,  is 
shown  in  the  opening  behind  the  needle,  according  to  whether 
the  incoming  machine  is  running  fast  or  slow  ;  and,  by  a  relay, 
similar  lamps  can  also  be  placed  at  each  prime  mover  when  the 
synchroniser  is  out  of  sight. 

Automatic  paralleling  gear  is  used  in  some  stations,  and  its  use 
will  probably  extend  with  the  increasing  adopting  of  automatic 
hydro-electric  generating  plant  (§  187)  and  automatic  substations 
(Chapter  17).  The  utility  of  this  gear  probably  lies  in  eliminating 
continuous  attendance  in  isolated  installations  rather  than  in 
offering  greater  security  where  skilled  staff  is  available.  The 
apparatus  is  rather  complicated  and  delicate  but  the  principle  of 
operation  is  simple ;  a  series  of  relays  close  when  there  is  equality 
of  voltage,  phase,  and  frequency  in  the  two  circuits  to  be  paralleled, 
and  the  paralleling  switch  is  then  closed  automatically. 

After  parallel  running  is  established  the  load  is  divided 
between  the  various  machines  by  hand  regulation  of  the  throttle 
valve  or  by  the  governor ;  in  large  generating  stations  the 
governors  of  steam  or  water  turbines  can  generally  be  adjusted 
from  the  switch- board,  through  the  agency  of  a  small  servo-motor. 

150.  Phase  Connections  and  Phase  Rotation. — In  the  case 
of  3-phase  alternators,  it  is  necessary  initially  to  connect  the 
phases  correctly  to  the  switchboard,  so  that  armature  coils  which 
occur  consecutively  in  the  direction  of  rotation  of  one  machine 
are  in  parallel  with  coils  occurring  in  the  same  relative  position 
in  other  machines.  Various  conventions  are  used  to  identify 
phases,  e.g .  red,  yellow  or  white,  and  blue,  with  green  for  the 
neutral  wire,  the  colours  being  used  to  mark  terminals  and  wires 
and  to  show  the  direction  of  rotation  of  the  field  due  to  successive 
waves.  ( See  also  I.E.E.  rule  51,  §  280.)  The  standard  method  of 
numbering  phases  with  regard  to  sequence  is  shown  in  Fig.  16, 
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§  110.  A  reference  to  Fig.  4  (§  15)  will  show  that  if  the  waves 
do  not  run  in  order  and  as  shown,  owing  to  one  coil  being  connected 
wrongly,  the  symmetry  of  the  system  will  be  upset  and  a  short- 
circuit  will  occur.  So  long  as  there  are  fine  fuses  in  circuit  no 
harm  will  result  from  trial  and  error  in  making  the  connections ; 
two  terminals  are  therefore  connected  together  and  the  resultant 
voltage  across  the  open  ends  of  these  coils  is  measured  under 
working  conditions.  If  the  connection  is  in  delta  and  correct 
this  should  be  the  same  as  the  voltage  between  the  ends  of  either 
coil  alone.  Obviously  this  is  so,  as  the  third  coil  (also  giving  the 
same  pressure)  is  to  be  connected  across  these  terminals  (Fig.  36, 
§  143);  this  is  done  through  a  fine  fuse,  which  will  blow  if  the 
connection  is  wrong.  In  the  case  of  star  connection  (Fig.  37 )  the 
same  procedure  on  the  first  two  coils  will  show  a  resultant 
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Fig.  40.— Determination  of  phase  rotation. 

pressure  1*73  times  that  due  to  a  single  coil,  if  the  connections 
are  correct.  In  this  case  one  end  of  the  third  coil  is  then  con¬ 
nected  to  the  neutral  junction,  and  the  resultant  pressure  from 
the  open  terminal  to  either  of  the  other  open  ends  will,  if  correct, 
give  the  same  result. 

The  phase  rotation  of  two  alternators  may  be  compared  by 
connecting  a  motor  to  each  in  turn,  and  noting  which,  connections 
cause  the  motor  to  run  in  the  same  direction  in  both,  cases ;  these 
connections  are  in  the  same  phase  rotation.  Miniature  3-phase 
induction  motors  are  made  for  this  purpose  with  disc  armatures. 

A  method  of  determining  phase  rotation,  due  to  Varley,  is 
illustrated  by  Fig.  40.  Two  similar  filament  lamps  F,  F  and  an 
inductance  L  are  connected  in  star  between  the  phases  ABC  to 
be  identified.  If  Oa  represent  the  voltage  across  the  inductance 
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L,  the  current  through  the  latter  is  represented  by  the  lagging 
vector  01  (§  44).  The  equal  but  opposite  vector  01'  represents 
the  resultant  of  the  currents  Oc,  Ob,  through  the  lamps.  Since 
the  latter  are  practically  non-inductive  the  P.D.  across  each  is  in 
phase  with  the  current.  Now  Ob  is  greater  than  Oc,  hence  the 
lamp  in  the  B  phase  will  glow  more  brightly;  this  phase  is 
lagging  with  regard  to  G,  and  the  phase  rotation  is  as  shown  by 
the  arrow.  Hence  the  rule  :  The  lamp  connected  to  the  lagging 
phase  glows  more  brightly.  ( See  also  Dransfield  voltmeter,  §  100.) 

Kapp’s  method  of  deducing  the  sequence  of  phases  from  watt¬ 
meter  readings  is  explained  Jour.  I.E.E. ,  Vol.  55,  p.  309. 

The  connections  of  synchroscopes  can  be  verified  (after  check¬ 
ing  the  phase  sequence  as  above),  by  disconnecting  the  phases  of 
the  new  machine  at  the  neutral  point  and  switching  this  machine 
( whilst  stationary)  on  to  the  live  bus  bars.  Both  sides  of  the 
synchroscope  are  then  excited  from  the  bus  bars  and,  if  the  con¬ 
nections  are  correct,  synchronism  is  indicated.  Where  bus  bars 
are  sectionalised  it  must  be  made  impossible  to  parallel  machines 
which  are  in  synchronism  with  different  sections  of  the  bus  bars. 

151.  Official  Regulations. — The  Electricity  Regulations  of 
the  Factory  and  Workshop  Acts,  1901-1911,  contain  the  following 
clauses : — 

19.  All  parts  of  generators,  motors,  transformers,  or  other  similar  apparatus, 
at  high  pressure  or  extra  high  pressure,  and  within  reach  from  any  position  in 
which  any  person  employed  may  require  to  be,  shall  be,  so  far  as  reasonably 
practicable,  so  protected  as  to  prevent  danger. 

21.  Where  necessary  to  prevent  danger,  adequate  precautions  shall  be  taken 
either  by  earthing  or  by  other  suitable  means  to  prevent  any  metal  other  than  the 
conductor  from  becoming  electrically  charged. 

25.  Adequate  working  space  and  means  of  access,  free  from  danger,  shall  be 
provided  for  all  apparatus  that  has  to  be  worked  or  attended  to  by  any  person. 

The  complete  text  of  these  Regulations  and  the  official 
Memorandum  thereon  should  be  studied. 

Concerning  the  location  and  protection  of  dynamos,  LE.E.  rule 
No.  123  specifies  as  follows  : — 

123.  Dynamos  (Rule  36,  §  269)  (see  British  Standardisation  Rules  for  Elec¬ 
trical  Machinery,  Report  No.  72*)  must — 

(a)  Inflammable  Dust.— Not  he  placed  in  positions  exposed  to  inflammable 
dust  or  flyings,  nor  where  combustible  materials  are  manipulated  or 
stored ; 

*  In  part  replaced  by  No.  168 ;  see  §  136  supra. 
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(6)  Protection. — Be  protected  from  damp,  dust,  and  mechanical  injury; 

(c)  Combustible  Materials. — Be  so  placed  that  no  unprotected  woodwork,  or 

other  combustible  material,  is  within  a  distance  of  12  ins.  from  them 
measured  horizontally,  or  within  4  ft.  measured  vertically  above  them  ; 

(d)  Wood  Floors. — Have  a  sheet  of  metal  inserted  between  them  and  such 
flooring,  where  mounted  upon  or  above  wood  flooring ; 

(e)  Control. — Be  controlled  by  a  double-pole  switch  and  protected  by  a  fuse, 

or  circuit-breaker,  on  each  pole,  except  with,  earthed  concentric  wiring. 

152.  Bibliography  {see  explanatory  note,  §  58). 
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POWER  FACTOR  AND  ITS  IMPROVEMENT. 

153.  Lagging  and  Leading  Power  Factors.— The  power 
factor  of  an  A.C.  circuit  may  be  defined  as  the  ratio  of  the  true 
watts  to  the  volt-amperes  or  apparent  power  (§  56).  In  other 
words,  it  is  the  factor  by  which  the  volt-amperes  must  be  multi¬ 
plied  in  order  to  obtain  the  true  watts.*  When  the  current  wave 
is  out  of  phase  with  the  voltage  wave  the  power  factor  is  less  than 
unity ;  to  discriminate  between  the  two  cases,  a  power  factor  of, 
say,  0*8  or  80  °/0,  may  be  termed  ‘  0*8  lagging’  if  the  current 
waves  lags  behind  the  voltage  wave,  and  ‘0*8  leading*  if  the 
current  wave  leads  with  regard  to  the  voltage  wave.  With  few 
exceptions,  the  P.F.  of  industrial  A.C.  circuits  is  lagging,  and 
when  a  simple  numerical  value  is  stated  for  the  power  factor  it 
may  generally  be  assumed  to  be  lagging.  The  ideal  condition  in 
an  A.C.  system  is  that  of  unity  power  factor  and,  compared  with 
unity  power  factor,  any  lower  power  factor  is  equally  objection¬ 
able  whether  leading  or  lagging .  In  practice,  A.C.  loads  having 
a  low  and  leading  P.F.  are  generally  welcomed  because  the  result¬ 
ant  P.F.  of  the  system  is  usually  less  then  unity  and  lagging, 
hence  the  addition  of  circuits  having  a  leading  P.F.  improves 
the  P.F.  of  the  system  as  a  whole  (§  159). 

154.  Watt  and  Wattless  Components. — In  order  to  appre¬ 
ciate  the  consequences  of  low-power  factor  it  is  necessary  to  con¬ 
sider  the  “  composition  ”  of  the  current  under  such  conditions. 
Taking  the  case  of  a  lagging  current,  as  being  that  generally 
encountered  in  practice,  the  current  01  (Fig.  41)  lags  <f>°  with 

*This  simple  definition  is  equally  applicable  to  single-phase  circuits  and  to 
balanced  polyphase  circuits,  but  the  interpretation  of  the  definition  is  complicated 
in  the  case  of  unbalanced  polyphase  systems  in  which  the  currents  in  the  several 
phases,  and  the  phase  angles  between  these  currents  and  their  voltages  are  not 
equal.  Alternative  definitions,  and  methods  of  calculation  and  measurement  to 
be  employed  in  such  circuits  are  discussed  in  a  symposium,  Jour.  Amer .  I.E.E., 
Yol.  39,  pp.  538-46 ;  see  also  §  111. 
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regard  to  the  voltage  OE ,  and  may  be  resolved  into  a  watt  (or 
active)  component  OA  (=  I  cos  </>)  in  phase  with  the  voltage 
( see  Fig.  8,  §  37),  and  a  wattless  (or  reactive)  component 
OB  (=  /sin  <j>)  90°  out  of  phase  with  the  voltage  (Fig.  9,  §  37). 
The  power  factor  =*  cos  <f>.  An  equal  current  OT  at  a  greater 
angle  of  lag  <fi'  (i.e.  a  lower  power  factor)  has  a  smaller  watt 
component  OA'  and  a  larger  wattless  component  OB'.  For  the 
same  watt  component  as  before  ( OA ),  we  must  increase  the  total 
current  to  01"  when  the  lag  is  <£',  the  wattless  component  then 
increasing  to  OB".  It  should  be  noted  that  it  is  the  vectorial 
sum  of  OA  and  OB  which  equals  01 ,  i.e.  the  total  current  and  its 
components  form  the  three  sides  of  a  right-angled  triangle,  and 


Fig.  41. — Watt  and  wattless  components  of  current  at  various  power  factors. 

the  arithmetical  sum  of  the  components  is  always  greater  than 
the  total  (actual)  current. 

These  points  are  illustrated  by  the  curves  plotted  in  the  right- 
hand  portion  of  Fig.  41,  against  a  base  of  power  factor.  The 
curve  representing  the  angle  of  lag  or  lead  corresponding  to 
various  power  factors  is  a  cosine  curve  (P.F.  =  cos  <j>).  The  watt 
component,  as  a  percentage  of  the  total  current,  is  directly  pro¬ 
portional  to  the  power  factor  and  is,  therefore,  represented  by  a 
straight  line.  The  wattless  component  is  proportional  to  sin  <f> , 
and,  when  plotted  against  power  factor,  gives  a  curve  which  is  a 
quadrant  of  a  circle.  It  will  be  seen  that  when  the  P.F.  is  0*95, 
the  watt  component  is  95  A  and  the  wattless  component  about 
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Si *3  A  for  every  100  A  total  current;  and  at  0*65  P.F.  (not  an 
uncommon  value  in  practice,  §  157),  the  watt  component  is  65  A 
and  the  wattless  component  76  A  for  every  100  A  total  current. 

The  value  of  the  ratio  :  Total  current  /  watt  component  = 
sec  cf>  =  1  /  cos  </> ,  and  rises  from  unity  at  unity  P.F.,  at  first 
gradually  and  then  very  rapidly,  to  infinity  at  zero  P.F.  as  shown 
by  the  heavy  curve  in  Fig.  41. 

155.  Effects  of  Low-power  Factor. — From  the  preceding 
remarks  and  by  inspection  of  the  vector  diagram  in  Fig.  41,  it  is 
obvious  that  the  current  01  is  always  greater  than  its  watt  com¬ 
ponent  OA.  In  other  words,  for  the  same  useful  power  (true 
watts)  as  represented  by  the  voltage  OE  and  the  current  OA  in 
phase  with  it,  we  require  a  larger  current  OI  if  the  angle  of  lag 
be  cp,  and  a  yet  larger  current  02"  if  the  lag  be  The  larger 
the  angle  of  lag,  the  lower  the  power  factor,  and  the  larger  the 
current  required  for  given  true  power.  The  current-carrying 
capacity  of  the  generators,  transformers,  and  transmission  lines 
(§  301)  must  therefore  be  higher,  the  lower  the  power  factor  for 
a  given  load  (kW);  or,  the  dimensions  of  the  generators,  etc., 
being  fixed,  the  kW  which  can  be  supplied  is  lower,  the  lower  the 
power  factor.  We  thus  arrive  at  the  most  obvious — and  generally 
the  most  important — effect  of  low-power  factor,  viz.  reduced  kW 
capacity  of  the  whole  of  the  electrical  equipment  and,  hence, 
increased  standing  (capital)  charges  on  every  unit  (kWh)  of  energy 
delivered.  If  the  kW  output  of  the  generators,  when  working  at 
the  maximum  safe  kVA  output,  is  less  than  the  kW  capacity  of 
the  prime  movers,*  part  of  the  investment  in  the  latter  is  non¬ 
productive  and  there  is  a  further  increase  in  the  standing  charges 
per  kWh.  The  working  costs  are  also  increased  by  the  fact  that 
the  PR  losses  (§  49)  in  all  parts  of  the  circuit  vary  with  the  square 
of  the  total  current  ( i.e .  inversely  with  the  square  of  the  power 
factor);  as  the  total  current  is  1*43  times  the  watt  component 
when  the  P.F.  is  0*7  ( see  heavy  curve,  Fig.  41),  the  PR  losses  are 
then  (1*43)2  =  2*05  times  as  great  as  though  the  same  useful  load 
were  supplied  at  unity  P.  F.  The  wattless  component  itself  ab¬ 
sorbs  no  energy  from  the  prime  movers  for  its  production  (§  37), 

*  On  the  assumption  that  the  maximum  P.F.  likely  to  be  reached  in  the 
system  as  a  whole  at  full -load  will  he  0*8,  it  is  usual  to  make  the  kW  capacity  of 
prime  movers  equal  to  80  °/0  of  the  kVA  capacity  of  the  generators  to  which  they 
are  coupled. 
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but  it  takes  up  current-carrying  capacity  which  might  otherwise 
carry  useful  power,  and  the  additional  72B-loss  due  to  wattless 
current  represents  a  dissipation  of  energy  which  has  to  be  supplied 
by  increased  output  from  the  prime  movers. 

At  low-power  factor  (which  is  particularly  prevalent  during 
light-load  periods),  the  generators  and  other  parts  of  the  electrical 
system  are  electrically  fully  loaded  at  a  fraction  of  the  rated  kW" 
output  of  the  prime  movers,  hence  the  steam,  fuel,  or  water  con¬ 
sumption  of  the  latter  is  higher  per  kWh  than  it  would  be  if  the 
same  useful  load  were  supplied,  at  higher  power  factor,  by  a 
smaller  number  of  generators,  the  prime  movers  of  which  could 
then  be  fully  loaded. 

The  heavier  total  current,  corresponding  to  a  given  watt 
component,  at  lower  P.F.  involves  a  greater  IR  drop  (§  24)  in 
the  ohmic  resistance  of  the  circuit.  In  addition,  the  inherent 
voltage  regulation  of  generators  and  transformers  is  worse,  the 
lower  the  P.F.  The  voltage  regulation  of  a  transformer  may  be 
1  %  at  unity  P.F,  and  3-5  %  0*7  P.F.;  that  of  a  modem  al¬ 

ternator  with  windings  of  high  reactance  may  be  10  %  at  unity 
P.F.  and  20-25%  0*8  or  0*7  P.F.  (§  147).  There  is  no  means 

in  the  transformer  of  compensating  for  the  additional  voltage 
drop  with  low-power  factor.  The  alternator  voltage  is  held 
constant  by  increasing  the  excitation  (§  147) ;  at  the  best, 
operation  at  low  P.F.  means  that  the  exciter  output  must  be 
increased  (and  the  generator  efficiency  thus  reduced),  and  it  may 
happen  that  the  alternator  field  coils  reach  their  limiting  tempera¬ 
ture  before  the  excitation  is  increased  sufficiently  to  maintain 
normal  voltage — in  that  event  the  kVA,  as  well  as  the  kW, 
capacity  of  the  alternator  is  reduced  at  the  lower  power  factor. 
At  0*8  P.F.  the  field  current  must  be  about  50  %  heavier  than  at 
unity  P.F.  to  maintain  normal  voltage  and  equal  kVA  output. 

The  net  effect  of  the  increased  losses  and  lower  kW  capacity 
at  lower  P.F.  is  an  appreciable  decrease  in  efficiency  in  the 
electrical  system.  At  0*8  P.F.  and  rated  kVA  output  the 
efficiency  of  alternators  is  about  2  %  lower,  that  of  transformers 
|  %  lower,  and  that  of  transmission  lines  2-3  %  lower  than 
at  unity  P.F.  These  reductions  in  efficiency  involve  higher  fuel 
costs  per  kWh  delivered. 

156.  Causes  of  Low  Power  Factor. — The  prevailing  power 
factor  of  all  commercial  supply  systems  being  lagging  (§  153),  it 

222 


POWER  FACTOR  AND  ITS  IMPROVEMENT  §  156 

may  be  taken  that  any  increase  in  inductive  reactance  (§  44)  will 
lower  the  power  factor,  whilst  any  increase  in  charging  current 
will  raise  the  power  factor.  The  greater  the  inductive  reactance, 
ie.  the  greater  the  inductance  and  the  higher  the  frequency,  the 
lower  the  power  factor,  other  conditions  being  constant.  Similarly, 
the  larger  the  capacity  and  the  higher  the  frequency,  the  higher  the 
power  factor,  other  conditions  being  constant.  (See  also  §  135  ( 1 ).) 

The  effects  of  the  inductance  and  capacity  of  a  line  on  the 
power  factor  are  exemplified  in  §§  300,  305.  The  lino  itself;  may 
cause  the  current  to  lead  or  to  lag  with  reference  to  the  K.M.F, 
according  to  whether  the  capacity  or  the  inductance  predominates. 
Underground  cables  have  considerable  capacity  (§  3.11),  while 
inductance  is  more  important  in  most  overhead  lines  (§§  200, 
305,  300).  In  the  case  of  long  distance,  extra  high  voltage  lines, 
however,  the  charging  current  is  an  important  factor  and  may 
compensate  more  or  less  accurately  the  inductive  drop  in  the  line 
at  full-load  (§§  158,318,  331);  on  light  load,  in  such  eases,  it 
may  be  necessary  to  compensate  Tor  the  charging  cuiront  by 
switching  inductances  into  circuit.  At  all  pressures  up  to 
50  000  V  or  so,  and  for  all  distances  up  to  about  50  miles,  the 
inductance  of  overhead  lines  predominates  over  the  capacity 
effect  and  causes  a  reduction  in  the  P.F.  of  the  system. 

The  magnetising  current  and  magnetic  leakage  of  transformers 
cause  the  total  current  to  lag  with  regard  to  the  E.M.F.,  but  tins 
effect  on  the  P.F.  is  small  at  normal  load.  When  a  transformer 
is  on  light  load  (secondary  circuit  ojam)  its  primary  current  is 
almost  entirely  wattless ;  for  this  reason  house-lighting  trans¬ 
formers  have  a  very  bad  effect  on  the  P.F.  of  the  system  during 
the  daytime. 

Arc  lamps  have  relatively  low  P.F.  due  to  the  characteristics 
of  the  arc  itself  (§  56),  the  inductance  of  the  operating  coils,  and 
(where  used)  the  inductance  of  regulating  chokers;  the  P.F.  of 
these  lamps  is  commonly  0*85  for  the  arc  itself  and  0*7  or  0*6 
including  the  operating  coils  and  ballast.  Filament  lamps  are 
practically  non-inductive  and  have  themselves  no  appreciable 
effect  on  the  P.  F. ,  but  the  more  of  these  lamps  there  are  in  use, 
the  higher  the  average  P.F.  of  the  system.  If  the  lamps  be  used 
in  conjunction  with  condensers  (Chapter  20),  the  latter  cause, 
leading  currents  and  raise  the  P.F. 

Electric  heaters  are  non-inductive  if  the  circuits  bo  so  arranged 
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that  the  magnetising  effect  of  each  wire  is  neutralised  by  the 
equal  but  opposite  effect  of  an  adjacent  wire  carrying  the  return 
current;  if  this  precaution  be  not  taken  the  apparatus  is  in¬ 
ductive,  to  a  degree  which  increases  with  the  proximity  and 
amount  of  iron  near  the  conductors.  Arc  furnaces  are  of  relatively 
low  P.F.  for  the  same  reason  as  arc  lamps;  if  the  furnace  be 
used  to  melt  iron  or  steel  the  circuit  is  particularly  inductive 
(P.F.  0*6-0*65)  until  the  temperature  exceeds  that  at  which  iron 
becomes  non-magnetic  (§  84);  thereafter,  the  P.F.  may  rise  to 
0*85  or  0*9.  The  P.F.  of  induction  furnaces  (Chapter  38)  is  very 
low  in  the  larger  sizes  because  of  the  low  resistance  of  the 
secondary  circuit ;  in  the  largest  furnaces  of  this  type  a  supply 
frequency  as  low  as  5  cycles  /  sec.  has  been  used  in  order  to  im¬ 
prove  the  P.F.  (§  135). 

Synchronous  motors  and  rotary  converters  may  cause  either 
lead  or  lag  according  to  circumstances  ;  an  over-excited  syn¬ 
chronous  motor  may  be  used  simply  to  counteract  the  lag  due 
to  inductive  apparatus  or  it  may  at  the  same  time  be  doing 
mechanical  work  (§  160  c). 

By  far  the  most  important  cause  of  low-power  factor  in  average 
industrial  supply  systems  is  the  induction  motor.  As  explained 
in  Chapter  28  this  motor  is  essentially  a  transformer,  but,  due  to 
the  high  reluctance  of  its  magnetic  circuit,  it  has  a  large  magnet¬ 
ising  current  and  a  correspondingly  low  P.F.  The  actual  value 
of  the  P.F.  ranges  from  0*8-0*85  at  full-load  to  0*6  or  0*7  at 
^-load,  and  0*4-0*45  at  J-load  in  the  case  of  large  motors  (50- 
100  h.p.).  In  small  motors,  of  £  to  2  Lp.,  the  P.F.  maybe  0*6- 
0*7  at  full-load,  and  0*25-0*3  at  £-load  From  these  figures  it 
is  evident  that  induction  motors  should  be  operated  as  nearly 
as  possible  at  full-load.  On  light-load  the  current  consumption 
is  almost  entirely  wattless,  the  power  factor  is  about  0*1,  and  the 
kVA  input  is  about  one-third  of  the  full-load  kVA.  Maximum 
P.F.  is  reached  at  about  full-load ;  on  overload  the  P.F.  decreases 
because  of  the  rapid  increase  in  wattless  component.  The  P.F. 
of  high-speed  induction  motors  is  higher  than  that  of  low-speed 
machines  of  equal  output  (Chapter  28),  hence  the  high-speed 
motor  is  to  be  preferred.  The  P.F.  of  single-phase  induction 
motors  is  generally  lower  than  that  of  3-phase  machines. 

157.  Measurement  and  Estimation  of  Power  Factor. — 
Power  factor  indicators  or  phase  meters  of  various  types  have 
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already  been  described  (§  111).  Such  instruments  are  useful  in 
measuring  the  P.F.  of  a  particular  load  and  in  switchboard 
service,  but  from  §  15b  it  will  be  realised  that  the  P.F.  is  ever 
varying,  both  at  different  times  and  in  different  parts  of  a  circuit 
at  any  one  time.  Tim  P.F.  meter  should  therefore  bo  in  the  form 
of  a  recording  instrument  (§  93)  when  any  estimates  are  to  bo 
made  which  involve  a  knowledge  of  the  averages  daily  power 
factor. 

For  project  estimating  the  values  given  in  Table  1*1  for  the 


Table  13. — Power  Factor  at  Iieceivinr/  End  of  Line  with 
Various  Loads,  at  Full-Load  in  Each  Case . 


Altaic  of  Lag. 

Power  Factor. 

<  los  </>. 

Sin  <().* 

Continuous  current  .... 

Nil 

Unity 

Zero 

A.C. — Lighting  only  .... 

IK" 

<>•«.)& 

om 

Mixed,  jj  lights,  J[  motors  . 

!  *6?° 

0-0 

(Mw; 

Mixed,  i  lights,  3  motors  . 

o-sr* 

o-m 

Motor  load  only 

nor* 

0-H 

0*0 

Ditto,  mining  work  . 

4U°  1 

0‘7/i 

(HH> 

Ditto,  single* phase  . 

•t.v-  | 

0-7 

0*7 

P.F.  of  the  load  at  the  receiving  end  of  the  transmission  line 
will  be  found  sufficiently  accurate.  The  P.F.  at  the  generating 
end  may  be  nearly  equal  to  these  figures  if  there  are  no  trans¬ 
formers  or  other  inductive  apparatus  on  the  way;  on  the  other 
hand,  it  will  be  much  lower  if  there  are  several  transformations. 
For  instance,  in  a  case  where  there  are  step-up  transformers  in 
the  generating  station,  a  transmission  line,  step-down  trans¬ 
formers  at  the  receiving  end,  distributing  transformers  beyond 
these,  and  in  some  cases  low-pressure  house  transformers  as  well, 
the  P.F.  on  a  purely  lighting  load  will  he  only  about  (Hifi.  The 
P.F.  of  a  circuit  containing  fairly  large  3-phase  induction  motors, 
fully  loaded,  but  with  two  banks  of  transformers  intervening, 
maybe  as  low  as  Of).  A  serious  error  in  the  pmletermination 
of  the  P.F.  may  result  in  the  generators  failing  to  give  the  re¬ 
quired  output ;  they  may  bo  giving  their  full  designed  pressure 
and  their  full, -load  current,  but  if  these  are  sufficiently  out  of 
phase  with  one  another  the  actual  power  in  true  kilowatts  may 

*  The  uso  of  sin  <p  (called  the  ‘  induction  factor  ’)  in  explained  in  $  SO 2, 
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be  below  the  full  output  required.  It  is  not  that  the  driving 
power  is  insufficient,  but  simply  that  the  PR  losses,  due  to  the 
heavy  lagging  currents,  set  a  definite  heating  limit  to  the  output. 
So  far  as  heating  effects  are  concerned  it  makes  no  difference 
whether  the  current  is  a  ‘  wattless  * 
current  or  is  in  exact  phase  with  the 
E.M.F.  Thus  it  will  be  seen  that,  having 
assumed  a  given  P.F.  at  the  receiving 
end,  according  to  the  class  of  load  char¬ 
acterised  in  the  list  above,  each  successive 
link  in  the  chain  up  to  the  generating 
station  must  then  be  taken  into  account, 
in  order  to  arrive  at  a  final  result,  viz. 
the  P.F.  of  the  whole  circuit  or  system. 
This  will  be  seen  in  the  examples  in  §§ 
299,302,305,313. 

A  graphical  method  *  for  determining 
the  resultant  kVA  and  P.F.  of  any  group 
of  loads,  each  of  known  kYA  and  P.F., 
is  illustrated  in  Fig.  42.  This  figure  is 
arranged  consistently  with  Fig.  41  (§ 
154),  but  the  current  vector  of  each 
successive  load  is  drawn  from  the  end  of 
the  preceding  current  vector. 

By  way  of  example  assume  that  the  given  data 
are  as  shown  in  the  left-hand  portion  of  Table  14. 
The  results  obtained  from  the  graphical  construc¬ 
tion  are  given  in  the  right-hand  section  of  the 
table,  the  procedure  being  as  follows  :  The  line  OE  is  taken  as  the  axis  of  E.M.F. 


Table  14. — Addition  of  Loads  of  Different  Power  Factors. 


Given  Data. 

Calculated  for  Use 
in  Graphical 
Construction. 
kW  =  kVA  x  P.F. 

Results  Obtained  from  Graphical 
Construction. 

Load 

No. 

kVA. 

P.F. 

Load 

Nos. 

Combined 

kVA. 

Combined 

P.F. 

1 

100 

0*80  lag 

80 

1  i 

100 

0*80  lag 

2 

80 

0-75  lag 

60 

1  and  2 

180 

0*78  lag 

3 

75 

Unity 

75 

1,  2,  and  3  ! 

245 

0*88  lag 

4 

75 

0-85  lead 

64 

1,  2,  3,  and  4 

290 

0*96  lag 

*  Given  by  J.  A.  Van  Tilburg,  El.  Bev.,  Vol.  90,  p.  436. 
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Fig.  42. — Addition  of  loads 
of  different  power  factors. 
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and  the  arrow  R  denotes  the  direction  of  vector  rotation.  In  the  figure  as  repro¬ 
duced  the  scale  of  kVA  is  100  kVA  =  1  in. ;  greater  accuracy  would  be  obtained  by 
drawing  to  a  larger  scale. 

The  vector  01  representing  the  current  (and  therefore  the  kVA,  the  voltage 
being  constant)  of  load  No.  1  is  obtained  by:  (i)  Setting  out  Oa  along  OE  ( i.e .  in 
phase  with  the  voltage)  to  represent  the  kilowatt  component  of  the  load  to  scale. 
In  this  case  kW  (=  kVA  x  P.F.)  =  100  x  0-8  =  80,  which  is  represented  to  scale 
by  80  / 100  =  0*8  in.  (ii)  Drawing  through  a  a  line  ab  perpendicular  to  OE . 
(iii)  Drawing,  with  centre  O  and  radius  01  =  kVA  of  load  to  scale  adopted 
(i.e.  100/100  =  1  in.  in  this  case),  a  circular  arc  to  intersect  ab  at  1.  The  line 
01  represents  the  No.  1  load,  the  angle  of  lag  being  6  and  the  P.F.  =  Oa  / Ol  = 
0-8. 

For  the  No.  2  load  we  start  from  the  point  1  and  repeat  the  preceding  con¬ 
struction,  using  the  appropriate  values  for  the  lines  lc,  1-2.  The  P.F.  of  the  No.  2 
load  is  Jc  1 1-2  —  0*75,  but  the  combination  of  Nos.  1  and  2  loads  has  P.F.  = 
Od  f  02  —  1*4  in.  /  1*8  in.  =  0*78.  The  kVA  of  the  combined  Nos.  1  and  2  loads 
is  represented  to  scale  by  02  (=  1*8  in.  =  1*8  x  100  or  180  kVA). 

The  remaining  two  loads  are  added  in  the  same  way  except  that  No.  3  load 
(being  of  unity  P.F.)  is  represented  at  once  by  a  line  75  /  100  =  £  in.  long  parallel 
to  OE,  starting  from  2;  whilst  for  the  No.  4  load  (which  is  of  leading  P.F.)  the 
circular  arc  is  struck  on  the  left-hand  side  of  the  line  3e,  thus  setting  the  load 
line  3,  4  at  an  angle  of  lead  a  with  regard  to  the  axis  of  E.M.F. 

The  combination  of  the  four  loads  is  represented  by  04,  the  length  (2*9  ins.) 
of  which  corresponds  to  2*9  x  100  =  290  kYA  on  the  scale  adopted.  The  P.F.  of 
the  combined  load  is  Of  /  04  =  2'8  ins.  /  2*9  ins.  =  0*96  and  is  lagging. 

The  beneficial  effect  of  non-inductive  load  (No.  3)  and  leading  load  (No.  4)  in 
improving  the  resultant  P.F.  is  shown  very  clearly  in  Fig.  42. 

158.  Avoidance  of  Low-power  Factor. — Though  it  may  be 
profitable  to  employ  phase-correcting  apparatus  it  should  not  be 
forgotten  that  it  costs  money  to  improve  an  initially  low  P.F.  A 
much  greater  net  profit  is  therefore  to  be  derived  from  the  avoid¬ 
ance  than  from  the  correction  of  low  P.F. ;  this  truism  deserves  to 
be  emphasised,  because  some  of  the  most  serious  causes  of  low  P.F. 
(§  156)  can  be  avoided  by  suitable  choice  of  apparatus  or  operating 
conditions. 

In  the  design  of  long  distance,  extra-high  voltage  overhead 
lines  it  is  possible  to  select  an  operating  voltage  at  which,  for  the 
power  to  be  transmitted,  the  charging  current  balances  the  lagging 
component  caused  by  the  inductance  of  the  line  (§§  318,  331).  In 
some  cases  it  might  even  pay  to  use  underground  cable  over  part 
of  the  route,  for  the  sake  of  the  additional  capacity  effect  thus 
obtainable. 

The  principal  method  of  avoiding  low  P.F.  in  the  average  in¬ 
dustrial  supply  system  lies,  however,  in  the  choice  and  application 
of  motors.  Synchronous  motors  should  be  used  in  preference  to 
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induction  motors  wherever  possible ;  as  explained  in  Chapter  28 
there  are  now  available  synchronous  motors  which  develop  a  good 
starting  torque  and  are  self-synchronising.  High-speed  induction 
motors  should,  be  used  in  preference  to  low-speed  machines,  and 
no  induction  motor  should  be  operated  at  less  than  its  rated  out¬ 
put  if  avoidable  (§  156).  In  this  connection  group-driving  is 
preferable  to  driving  by  individual  motors  (see,  however,  Chapter 
29)  where  induction  motors  are  employed,  if  the  group  motor  can 
be  operated  at  nearer  its  full-load  than  could  individual  motors. 
Often  a  group  of  machines  can  be  driven  by  a  synchronous  motor 
(which  can  also  be  used  for  power-factor  correction)  instead  of  by 
individual  induction  motors.  In  some  cases  the  use  of  D.C. 
motors  supplied  from  a  rotary  converter  or  synchronous  motor- 


Pig.  43. — P.F.  correction  with  Fig.  44. — P.F.  correction  with 

constant  kW.  constant  kVA. 

generator  is  preferable  to  the  use  of  A.C.  motors  throughout  a 
works,  because  it  makes  possible  higher  P.F.  at  the  A.C.  supply 
terminals  and  also  gives  the  consumer  the  advantage  of  variable- 
speed  D.C.  motors. 

If  3-phase  induction  motors  must  be  operated  for  considerable 
periods  at  less  than  -£-load  it  is  worth  while  to  use  stator  windings 
which  are  normally  connected  in  delta,  but  which  can  be  switched 
into  star  connection  for  operation  at  low  loads.  The  effect  of 
changing  to  star  connection  is  to  reduce  the  voltage  per  phase  to 
1  /  ^3  times  its  initial  value  (§  143);  the  maximum  output  of 
the  motor  varies  with  the  square  of  the  voltage  per  phase  and  is 
therefore  reduced  to  one-third  its  initial  value.  With  delta- 
connection  the  P.F.  of  the  motor  might  be  0'7  at  |-load  and  0*5 
at  J-load ;  with  the  star  connection  the  values  at  the  corresponding 
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Correction. 

The  pure  two-phase  winding  on  the  rotor  (90°  phase  difference)  secures  perfect 
balance  and  uniform  heating  during  starting  and  running  (ace  Chapter  28).  The 
exciter  being  connected  permanently  to  the  rotor,  starting  is  effected  by  closing  the 
stator  switch  and  operating  the  rotor  starter.  These  motors  can  start  against  two 
to  three  times  normal  full-load  torque,  and  synchronise  automatically,  even  on 
overload.  If  the  pull-out  torque  is  exceeded  the  motor  falls  out  of  stop  but  con¬ 
tinues  to  run  as  an  induction  motor  until  the  excessive  overload  is  removed,  where¬ 
upon  it  synchronises  again  automatically.  The  machines  can  operate  at  unity 
P.F.,  or  supply  leading  reactive  power  for  P.F.  correction  in  the  circuit  to  which 
they  are  connected ;  they  are  aj)plicable  to  almost  any  mechanical  drive. 
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H.P.-output  would  be  about  0*9  and  0*85  respectively.  At  the 
same  time,  there  would  be  an  improvement  in  efficiency  at  the 
fractional  loads. 

159.  Principles  of  P.F.  Correction. — The  P.F.  correction  of 
a  particular  load  or  group  of  loads  of  constant  kW  is  illustrated 
by  Fig.  48  in  which  ()Ii  represents  the  initial  current,  lagging  (j>l 
with  regard  to  the  E.M.F.  and  having  a  watt  component  ()\V  and 
a  wattless  lagging  component  OL.  if  we  add  a  wattless  leading 
component  OC,  the  net  lagging  component  is  reduced  to  OM 
( LM  =»  00)  and  the  resultant  current  is  OL,  which  is  less  than 
01 L  and  lags  by  a  smaller  angle  The  P.K.  is  thus  raised  from 
cos  <px  to  cos  <£*,,  i.e.  from  0*7  to  0*89  in  the  ease  illustrated,  by 
the  provision  of  a  correcting  (leading)  kVA  represented  by  LM 
and  here  equal  to  0*5  in.  /  1*48  in.  or  0*85  of  the  initial  (un¬ 
corrected)  kV A  represented  by  Of ;  the  same  result  can  be  read 
from  the  chart  Fig.  45. 

In  practice,  the  fact  that  the  total  current  was  reduced  from 
Of  to  OLl  (Fig.  48)  by  the  improvement  in  P.F.,  would  naturally 
lead  to  the  addition  of  more  useful  load  to  the  system  until  the 
total  current  again  reached  its  initial  value.  This  case  is  repre¬ 
sented  by  Fig.  44,  in  which  Of  -  OL,  and  Jxl{  represents  the 
additional  load  (assumed  to  be  at  the  uncorrcctcd  P.F.,  cos  <f)x) 
which  can  be  added  to  the  system  in  order  that  the  current  bald¬ 
ing  of  the  latter  may  remain  at  the  initial  value  Of  after  P.F. 
correction  to  cos  <p>>.  In  this  ease  the  corrective  kVA  is  repre¬ 
sented  by  DE  and  is  <H>5  in./  1*48  in.  or  0*45  of  the  constant 
kVA  represented  by  Of  or  OL,.  The  corrective  kVA  required  is 
naturally  greater  than  in  the  constant  kW  ease  illustrated  by  Fig. 
48,  but  we  have  now  an  increase  AH  in  the  kW  supplied  by  the 
same  total  current  in  the  mains. 


The*  conHtrucition  for  Fig.  44  in  as  follows* :  Draw  0Il  and  Of  (  .  Ol t)  to 
rapnwent  to  ncalo  the  oonHbaut  kVA  (or  current)  at  the  initial  and  doHired  final 
angles  of  lag  <t>lf  fa  respectively.  Produce  Of  to  inturxoct  at  f'  the  line  Ulx 
drawn  through  f  perpendicular  to  Ob).  Then  //  f  OF,)  roprenoutH  bo  ncalo 
the  required  corrective  kVA. 

Thin  construction  amounts*  to  increasing  the  uneorroctstd  load  to  Of  and 
then  correcting  (at  constant  kW  represented  by  OH,  cf.  Fig.  4S)  to  the  load  Of 
which  uqualH  Of  but  is  at  higher  P.F.  The  Hamo  riwult  i«  obtained  by  oHHuming 
Of  to  bo  corrected  to  Ol af  at  an  angle  of  lag  fa  1chh  than  fa,  the  extra  load  f  /,, 
at  the  initial  lag  fa  being  then  added  (an  in  Fig.  42)  with  the  result  that  the  final 
load  :“3  Of  at  big  fa2.  In  Fig.  44,  coh  <f>x  0*7 ;  turn  fa2  0*  HHft;  coh  fa  0*  1).%  ; 
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if  these  values  be  used  in  the  formulae  given  below  the  same  results  will  be 
obtained  as  from  the  graphical  construction. 

The  ‘  correcting  ’  kVA  required  to  improve  the  power  factor 
by  a  given  amount  increases  rapidly  as  the  power  factor  ap¬ 
proaches  unity.  The  reason  for  this  is  evident  from  Fig.  41, 
§  154  Referring  to  the  curves  therein,  it  will  be  seen  that  the 
power  factor  increases  very  slowly  as  the  angle  of  lag  or  lead  is 
reduced  below,  say,  20° ;  conversely,  the  wattless  component  in¬ 
creases  very  rapidly  as  the  P.F.  decreases,  and  to  increase  the  P.F. 
from  0'95  to  unity  it  is  necessary  to  neutralise  a  wattless  com¬ 
ponent  which  is  numerically  equal  to  31*3  %  the  total  (un¬ 
corrected)  current.  The  same  point  may  be  illustrated  more 
clearly  by  reference  to  the  vector  diagram  of  Fig.  41.  The  currents 
01",  01,  OE  have  all  the  same  watt  component  OA  ;  if  an  equal 
corrective  wattless  component  I"G  =  ID  =  EA  be  applied  to  each 
the  percentage  improvement  in  P.F.  is  much  greater  in  the  case 
of  the  low  P.F.  current  01"  than  in  the  currents  of  higher  initial 
P.F.  Thus:— 


Current 
Vector 
(Fig.  41, 

§  154). 

Angle  of  Lag,  <p. 

Power  Factor  (Cos  p ). 

Percentage  In¬ 
crease  in  P.F.  Due 
to  Same  Correc¬ 
tive  Component 
in  Eacli  Case. 

Initial. 

Corrected. 

Initial. 

Corrected. 

or' 

57° 

51° 

0-545 

0-629 

15-4  % 

OI 

w 

28J° 

0-804 

0-879 

9-3  % 

OE 

16* 

Zero 

0-961 

1-000 

4-0  % 

The  corrective  kVA  or  compensation  of  wattless  component 
required  to  improve  the  power  factor  from  an  initial  value  A  to  a 
corrected  value  B  (decimal  values,  not  percentages)  is  given  in 
terms  of  the  initial  kVA  by  the  following  formulae : — 

Case  (1)  Constant-kilowatts  (as  in  Fig.  43). 


Corrective  kVA  =  ^/(l  -  A2)  -  —^/(l  -  B2)  x  100  % 


of  initial  ( uncorrected )  kVA. 
Case  (2)  Constant-kilovolt-amperes  (as  in  Fig.  44). 

Corrective  kVA  =  jjjxA1  -  A2)  -  v^1  “  £2)]  x  100  % 

of  the  (constant)  kVA  of  the  system. 

The  curves  plotted  from  these  formulae  in  Figs.  45,  46  will 
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iireful  study.  The  much  gn ta tor  corrective  k  VA  required 
ige  the  P.F.  from  0*95  lagging  to  unity  or  from  unity  to 
eling,  compared  with  the  corrective  k VA  required  for  the 
*05  increments  in  power  factor  is  shown  very  clearly  in 
:,s  of  curves.  The  corrective*,  wattless  component  required 
Lid  change  in  P.F.  is  naturally  greater  when  the  total  kVA 
;nnt,  than  when  the.  k.YV  is  constant ;  this  is  particularly 
>lo  when  tin*  initial  IMA  is  low.  Nevertheless  Fig.  4<i 

Constant  Kilowatts  _  Constant  Kilovolt-amperes 


Initial  Power  Factor  Initial  Power  Factor 

■Xvorroetivf?  waUlasn  entupoiteiil  for  Fro.  4f>.  OnrrwMw  wjUUivb*  <*oxu 
E.E  r.orrw.tion ;  am»tunt  lew .  porumt  for  Ht.at.nfl  KK  oorroaion  ; 

con#  ttuit  k  VA . 

t x Is  to  the  ultimate  aim  of  power-factor  correction  in  the 
"  supply  network,  viz.  to  increase  the  k\V  (rapacity  (in  the 
/ A  ;  final  P.F.  /initial  P.F.)  whilst  retaining  the  same 
loading  in  the  system.  (Sat:  example,  §  UHte.) 
vector  diagrams  in  Figs.  41-44  are  all  for  single-phase 
In  the  case  of  polyphase  circuits  the  current  (or  k  V A  ) 
He  and  the  corrective  wattless  component  determined  from 
-49  is  that  required  per  phone  in  the  polyphase  system. 
Methods  of  Improving  P.F.— There  is  it  number  of 
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methods  available  for  the  production  of  correcting  wattless  kVA, 
the  necessary  amount  of  the  correction  being  determined  as 
explained  in  §  159.*  With  the  exception  of  the  charging  current 
of  cables  or  overhead  lines  (§  158)  all  leading  wattless  kVA  must 
be  produced  artificially  by  either :  (a)  static  condensers ;  ( b ) 
electro-chemical  action;  ( c )  synchronous  motors;  or  (, d )  phase 
advancers. 

(a)  Static  Condensers. — The  static  condenser  consists  essen¬ 
tially  of  two  metal  plates  separated  by  a  suitable  dielectric  ■(§  46). 
For  use  in  P.F.  correction  oil-immersed  condensers  are  made  in 
units  which  can  be  assembled  in  parallel  to  obtain  the  desired 
capacity  (fiF)  and  in  series  to  suit  the  supply  voltage.  The  con¬ 
denser  is  connected  in  parallel  with  the  load,  the  P.F.  of  which  is 
to  be  corrected;  the  current  in  the  condenser  circuit  leads  90° 
with  regard  to  the  E.M.F.  (§  46)  and  thus  provides  the  component 
OC  (Fig.  43.)  The  power  consumed  by  the  condenser  is  zero  ex¬ 
cept  for  the  internal  losses,  which  do  not  exceed  0’5  °/o  of  the 
kVA  rating  of  the  condenser.  The  condenser  capacity  required, 
per  kVA  of  leading  wattless  component  to  be  provided,  is 
1  000  /  (27r/(52)  farads  or  109/(27 rfe1)  micro-farads,  where  /  = 
frequency  in  cycles  /  sec. ;  and  e  =  voltage  applied  to  the  con¬ 
denser.  If  E  =  voltage  between  3-phase  lines,  e  =  E  for  mesh- 
connected  condensers  ;  and  e  =  E  /  */3  for  star-connected 
condensers  (§  143);  the  mesh  connection  requires  only  one-third 
the  condenser  capacity  required  with  star  connection*  The 
capacity  required  increases  as  the  frequency  decreases,  and  it 
is  rarely  advisable  to  use  condensers  for  P.F.  improvement  in 
systems  of  lower  frequency  than  50  cycles  /  sec. 

Condenser  units  designed  for  pressures  up  to,  say,  600  Y  each 
may  conveniently  be  assembled  in  series  for  pressures  up  to 
3  000  V.  Switches  may  be  provided  so  that  the  amount  of 
capacity  in  circuit  can  be  varied  to  suit  the  load ;  to  obviate  risk 

*  The  voltage  across  the  condensers  is  J'6  times  as  great  in  the  mesh  as  in 
the  star  connection.  If  the  condensers  be  exactly  proportioned  to  the  voltage 
the  cost  of  the  star  and  mesh  arrangements  is  practically  the  same,  but  if  com¬ 
mercial  patterns  of  condensers  are  used  either  the  star  or  the  mesh  connection 
may  be  the  cheaper.  For  example,  if  the  only  available  standard  condenser 
units  are  for  250  Y  and  600  V,  the  600  Y  type  would  have  to  be  used  both  for 
mesh  and  star  connection  on  a  600  Y  system  and  the  mesh  connection  would 
then  be  cheaper,  but  the  250  Y  type  could  be  used  in  star  on  a  400  Y  system  and 
would  probably  be  cheaper  than  the  600  Y  type  which  would  have  to  be  used  for 
the  mesh  connection. 
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of  shock  the  condenser  must  be  short-circuited  through  an 
auxiliary  resistance  when  switched  out  of  service.  According  to 
circumstances,  it  may  be  advisable  to  leave  the  condensers  always 
in  circuit  or  it  may  be  better  to  switch  them  off  with  the  load  to 
which  they  are  applied  in  order  that  no  leading  current  may  then 
be  taken  from  the  line.  Since  the  capacity  (pF)  required  for 
given  corrective  kVA  varies  inversely  with  the  square  of  the 
voltage  applied  to  the  condenser  it  may  pay  to  use  an  auto-trans¬ 
former  (Chapter  17)  to  raise  the  voltage  at  the  condenser  above 
of  that  the  main  circuit. 

Standard  sets  of  condenser  units  are  available  ranging  from 
172  fiF  to  2  760  fjuF  at  600  V  (19-312  kVA  output  at  50 
cycles /sec.) ;  or  from  4§  fxF  to  105  fiF  at  3  000  V  (12-297 
kVA  output  at  50  cycles  /  sec.) ;  the  tanks  for  these  sets  measure 
from  4  x  1£  x  1£  ft.  to  6  x  2-J  x  4£  ft.,  and  weigh  from  5£- 
46  cwts.  complete.  For  use  with  individual  motors  smaller  sets 
of  condensers  are  available,  of  capacities  from  17-139  fiF  at 
250  V,  or  9-2  fxF  at  600  V* 

Static  condensers  require  no  special  erection  and  no  attendance 
or  maintenance ;  they  offer  the  only  means  of  phase  correction 
which  can  economically  be  subdivided  for  application  to  individual 
small  loads  (§  161).  If  the  corrective  wattless  component  to  be 
provided  exceeds  300  kVA,  it  is  generally  cheaper  and  more  con¬ 
venient  to  use  synchronous  motors. 

( b )  Electro-chemical  Phase  Advancer. — The  same  effect  as 
that  produced  by  static  condensers,  viz.  storage  of  energy  during 
one  half-cycle  and  discharge  of  energy  during  the  succeeding 
half-cycle,  can  be  obtained  by  utilising  electro-chemical  action  in¬ 
stead  of  electrostatic  capacity.  If  two  lead  grids  pasted  with  red 
lead  be  immersed  in  dilute  sulphuric  acid  and  connected  in  an 
A.C.  circuit  they  constitute  a  storage  cell  or  accumulator  (Chapter 
18)  which  is  ‘  charged  ’  during  one  half-cycle  and  is  discharged 
a^kd  re-charged  in  opposite  polarity  during  the  next  half-cycle. 

The  amount  of  energy  thus  absorbed  from  and  returned  to 
the  A.C.  circuit  is  much  greater  than  could  be  dealt  with  by  a 
simple  static  condenser  with  equal  plate  area.  On  the  other  hand 
there  are  appreciable  losses  in  the  electro-chemical  cell,  hence  the 
P.F.  of  the  latter  itself  is  relatively  high.  Best  results  appear  to 

*  For  further  information  the  reader  is  referred  to  an  instructive  descriptive 
list  issued  by  British  Insulated  and  Helsby  Cables,  Ltd. 
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be  obtained  when  the  electrolyte  is  at  about  80°  C. ;  the  resist¬ 
ance  of  the  electrolyte  is  then  low  (§  68),  and  the  chemical  activity 
is  enhanced. 

According  to  T.  F.  Wall  (Jour.  I.E.E. ,  Vol.  61,  p.  119)  the  P.F.  of  a  particular 
cell  of  this  type  was  about  0*7  at  30°  C.  and  0*35  at  80°  C.  By  connecting  two 
cells  in  series  in  each  rotor  phase  of  a  4  h.p.  induction  motor  the  P.F.  was  raised 
from  0*5  (without  phase  advancer)  to  0*64  (with  phase  advancer)  on  J-load;  from 
0*72-0*88  on  J-load;  from  0*77-0*95  on  f-load;  and  from  0*79-0*95  on  full¬ 
load.  Also,  the  efficiency  of  the  motor  between  J  and  full-load  was  2  or  3  °/c 
higher  with  the  phase  advancer  in  use  than  when  running  with  short-circuited 
slip  rings. 

(c)  Synchronous  Motors. — The  synchronous  motor  (Chapter 
28)  is  electrically  identical  with  the  synchronous  alternator  (§  143) 
but  is  reversed  in  action,  electrical  energy  being  supplied  to  the 
stator,  and  mechanical  energy  being  delivered  at  the  shaft.  In  a 
D.  C.  motor  the  effect  of  varying  the  excitation  of  the  field  is  to 
cause  the  armature  speed  to  vary  in  order  that  the  back  E.M.F. 
may  remain  constant  (Chapter  28).  The  speed  of  a  synchronous 
motor  is,  however,  fixed  definitely  by  the  frequency  of  supply 
and  the  number  of  magnetic  poles  (§  135),  hence  the  effect  of 
varying  the  excitation  of  the  field  system  is  to  cause  wattless 
currents  to  flow  in  the  stator  circuit,  these  wattless  currents  being 
such  that  the  resultant  strength  of  the  field  remains  constant  not¬ 
withstanding  the  alteration  in  the  exciting  current.'  If  the  ex¬ 
citation  be  reduced,  lagging  wattless  current  flows  in  the  stator 
circuit  (from  the  supply  system)  to  maintain  normal  magnetisa¬ 
tion  of  the  field  system.  With  a  higher  value  of  D.C.  excitation, 
no  magnetising  current  is  taken  from  the  A.C.  mains  and  the 
P.F.  of  the  motor  is  unity.  At  yet  higher  values  of  D.  C.  excita¬ 
tion  the  surplus  field  induces  (and  is  magnetically  counterbalanced 
by)  a  leading  wattless  current  in  the  stator  circuit.  In  other 
words,  an  over-excited  synchronous  motor  supplies  a  leading 
wattless  current  to  the  A.C.  mains  and  may  therefore  be  used, 
like  a  static  condenser,  to  compensate  for  the  lagging  wattless 
current  taken  by  other  apparatus  supplied  from  the  same  mains. 

Over- excited  synchronous  motors  are  sometimes  run  light 
(without  mechanical  load)  simply  to  effect  P.F.  correction  and, 
when  thus  used,  they  are  often  termed  ‘rotary  condensers/ 
Synchronous  motors  are  frequently  used  in  this  way  at  the  far 
end  of  long  transmission  lines  in  order  that  the  latter  may  be 
relieved  of  wattless  current  which  would  otherwise  result  in 
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serious  voltage  drop  (§  155).  Formerly  synchronous  motors  were 
of  little  use  for  industrial  power  service  owing  to  their  low  start¬ 
ing  torque  and  the  necessity  of  synchronising  them  (§  149) ;  now, 
however,  there  are  self-synchronising  motors  available  which  start 
as  induction  motors  and  drop  automatically  into  synchronism 
(Chapter  28) ;  such  motors  can  be  used  for  P.F.  correction  as  well 
as  for  driving  a  mechanical  load,  but  their  output  for  both  these 
purposes  is  naturally  lower  than  that  in  either  service  alone. 

On  practically  all  the  present-day  transmission  systems,  synchronous  con¬ 
densers  of  some  form  or  other  are  floated  on  the  line  for  the  improvement  of  P.F. 
A  synchronous  condenser  will  deliver  70  °/D  of  its  rated  kVA  in  energy  and  approxi¬ 
mately  70  °/G  in  wattless  leading  kVA  for  P.F.  improvement.  Take  a  case  where 
it  is  necessary  to  raise  the  P.F.  from  0*65-0*90,  assuming  a  load  of  450  kW. 
This  amount  of  energy  at  0*65  P.F.  is  690  total  apparent  kVA,  and  has  a  compon¬ 
ent  of  6902 — 4502  =  525  wattless  kVA  lagging.  With  this  same  amount  of  energy, 
and  the  P.F.  raised  to  0*90  or  500  apparent  kVA,  the  lagging  component  of  watt¬ 
less  kVA  is  5002 — 4502  =  220.  Now  in  order  to  raise  the  P.F.  from  0*65-0*90  it 
is  obvious  that  a  synchronous  condenser  with  a  rating  equivalent  to  the  difference 
between  525  and  220  is  required,  or  525 — 220  =  305  wattless  kVA  leading.  On 
one  system  the  author  has  in  mind,  this  method  of  using  synchronous  condensers 
went  too  far  at  times,  and  one  or  more  receiving  stations  where  these  units  were 
installed  had  to  cut  out  practically  all  the  exciting  current  so  as  to  reduce  the 
voltage  (W.  T.  Taylor,  Jour.  l.E.E. ,  Vol.  47,  194). 

A  convenient  means  of  estimating  the  effect  of  a  synchronous 
motor  in  P.F.  correction  and  of  determining  the  mechanical  load 
which  can  be  carried  in  addition  to  the  correction  of  P.F.,  is 
illustrated  by  the  following  examples  due  to  Van  Tilburg  (loc. 

cit,  §  157) : — 

(1)  Suppose  that  to  a  load  of  100  kVA,  P.F.  0*8  lagging,  there  be  added  a 
synchronous  motor  carrying  35  kW  useful  load.  The  maker’s  data  for  the  syn¬ 
chronous  motor  are :  50  kVA  at  unity  P.F. ;  0*9  P.F.  leading  at  f-load  ;  0*75  P.F. 
leading  at  4-load ;  0*4  P.F.  leading  at  J-load.  What  is  the  resultant  load  and 
P.F.  ? 

The  solution  is  obtained  from  Fig.  47  which  is  constructed  on  the  same 
principles  as  Fig.  42,  §  157.  In  the  diagram  as  reproduced  the  scale  is  50 
kVA  =  1  in.  The  initial  load  of  100  kVA  is  represented  by  OI,  2  ins.  long,  drawn 
at  such  an  angle  that  OA  /  OI  =  0*8  ( i.e .  the  initial  P.F.).  At  full-load  unity 
P.F.  the  synchronous  motor  (50  kVA)  is  represented  by  IB,  1  in.  long,  parallel  to 
OE  ;  and  the  total  load  is  OB  =  2*88  ins.  =  144  kVA  (to  the  scale  adopted)  at  P.F. 
*=  OG  /  OB  =  2*6  /  2*88  =  0*9  lagging.  In  this  case  the  improvement  is  due 
solely  to  the  addition  of  load  at  unity  P.F. ;  the  whole  output  of  the  synchronous 
motor  is  mechanical. 

At  f-load,  the  mechanical  output  of  the  synchronous  motor  =  £  x  50  kVA  = 
37*5  kVA  =  }  in.  to  scale  =  ID  in  Fig.  47.  As  the  P.F.  of  the  machine  is  0*9 
leading,  at  this  load,  the  total  kVA  of  the  machine  =  37*5  /0*9  =  41*6  kVA  and 
is  represented  by  IE,  0*83  in.  long,  cutting  DF  at  E.  (Note :  DE  is  drawn  to  the 
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left  because  the  wattless  component  is  leading.)  Thus  at  f-full  mechanical  load 
on  the  synchronous  motor,  a  corrective  component  DE  is  available  ;  the  total  load 
is  OE  =  125  kVA  and  the  P.F.  is  OF  /  OE  =  0-94  lagging. 

The  points  G,  H  corresponding  to  $  and  J-load  are  determined  in  the  same 
way,  and  the  curve  BJ  is  sketched  in. 

The  specified  useful  load  of  35  kW  is  represented  by  IK  (=  35  /  50  =  0*7  in.). 
From  K  drop  KL  perpendicular  to  OE.  Then  the  total  load  is  represented  by 
OM  (line  omitted  for  clearness)  =  2*45  ins.  =  122-5  kVA  at  P.F.  =  OL  /  OM  = 
0-94. 

(2)  Assuming  the  same  initial  load  and  same  synchronous  motor  as  before, 
what  mechanical  load  can  the  latter  carry  whilst 
improving  the  P.F.  to  0*92? 

Take  any  convenient  length  ON ,  erect  the 
perpendicular  NP ,  and  mark  off  OP  —  ON  /  0*92 ; 
then  cos  (p  —  0*92.  Produce  OP  to  cut  the 
curve  BJ  at  Q.  Draw  RS  through  Q  perpendi¬ 
cular  to  OE.  Then  IS  —  0*87  in.  =  43*5  kVA 
to  scale,  and  this  is  the  mechanical  load  which 
the  motor  could  carry  under  the  prescribed 
conditions. 

By  using  a  regulator,  on  the 
principle  of  the  Tirril  type  (§  147), 
the  field  of  a  synchronous  motor  can 
be  varied  automatically  as  required  to 
maintain  predetermined  P.F.  in  a 
system. 

During  periods  of  light  load  the 
spare  alternators  in  a  station  may  be 
operated  as  over-excited  synchronous 
motors,  their  prime  movers  being  un¬ 
coupled  or,  in  the  case  of  turbines,  run 
idle  in  vacuo.  The  alternatois  in 
service  are  thus  relieved  of  wattless 

current,  but  the  improvement  does  not 

Fig.  47. — Effect  of  synchronous  ,  n  ,  2  ,,  ,  t  t 

motor  on  P.F.  extend  beyond  the  generator  bus  bars ; 

the  transformers,  transmission  lines, 
etc.,  still  operate  at  low  P.F. 

(d)  Phase  Advancers. — Though  static  condensers  and  syn¬ 
chronous  motors  are  ‘  phase  advancers  ’  when  used  for  P.F.  cor¬ 
rection,  this  term  is  generally  reserved  for  special  machines  which 
may  be  connected  in  the  rotor  circuit  of  an  induction  motor  to 
improve  the  P.F.  of  the  latter.  The  use  of  such  auxiliaries  is  only 
practicable  in  the  case  of  large  motors.  The  principle  employed 
is  that  of  injecting  through  the  slip  rings  of  the  motor  a  current 
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Three-Phase  Exciter  (Phase  Advancer)  for  Use  with  an  Induction  Motor. 

In  its  simplest  form  this  type  of  phase  advancer  comprises  an  armature  wound 
like  that  of  a  D.C.  machine  and  an  unwound  stator.  The  armature  is  driven  by  an 
auxiliary  motor  or  it  may  be  belt-driven  from  or  direct-coupled  to  the  main  induction 
motor.  After  starting  the  main  motor  with  resistance  between  its  slip  rings,  the  latter 
are  switched  on  to  the  brushes  of  the  phase  advancer.  Three-phase,  low-frequency 
slip  current  from  the  main  rotor  then  flows  to  the  armature  of  the  phase  advancer 
and  establishes  a  rotating  field.  By  driving  the  phase  advancer  at  higher  than  the 
synchronous  speed  corresponding  to  this  rotating  field,  the  advancer  can  be  made  to 
supply  all  the  magnetising  current  for  the  main  motor  which  then  operates  at  unity 
P.P.  If  the  speed  of  the  phase  advancer  he  increased,  the  main  motor  supplies  lead¬ 
ing  current  to  the  network  in  which  it  is  connected.  Induction  motors  of  about  40 
kW  have  been  built  with  a  phase  advancer  of  this  typo  on  an  extension  of  the  main 
motor  shaft  within  one  of  the  end  casings  of  the  combined  set.  The  cost  of  a 
separate  phase  advancer  is  not  likely  to  be  justified  unless  tho  main  motor  is  100  kW 
or  more,  and  normally  operating  at  0*85  or  lower  P.F.  By  varying  tho  speed  of  the 
phase  advancer  unity  P.P.  can  be  maintained  down  to  one-third  rated  load.  If  phase 
correction  is  required  at  lower  loads  tho  magnetisation  of  the  main  motor  is  host  effected 
by  D.C.  and  the  machine  then  becomes  a  ‘synchronous  induction  ’  motor.  The 
phase  advancer  shown  above  has  a  capacity  of  35  kVA  at  770  r.p.m.  It  is  a  4-pole 
machine,  designed  for  a  full-load  current  of  500  A,  and  arranged  for  driving  by  belt 
from  the  main  motor.  The  power  required  to  drive  it  is  only  that  absorbed  by  friction 
and  other  losses,  and  is  often  less  than  the  reduction  effected  in  the  losses  of  the  main 
motor.  The  maximum  torque  of  the  latter  is  greatly  increased  by  tho  use  of  the 
phase  advancer. 
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which  is  leading  with  regard  to  the  rotor  voltage.  This  current 
relieves  the  stator  circuit  of  the  duty  of  magnetising  the  machine 
and,  as  the  leading  current  is  supplied  to  the  rotor  at  the  low 
voltage  corresponding  to  the  ‘slip*  of  the  rotor,  the  kVA  capacity 
of  the  phase  advancer  need  he  only  5  %  (or  ^ess)  °^*  ^ie  kVA  cor¬ 
rection  effected  in  the  main  supply  circuit.  The  full  corrective 
kV A  would  have  to  he  provided  if  a  static  or  rotary  condenser 
were  used  in  the  supply  circuit.  The  ‘  phase  advancer  ’  is  thus  at 
a  great  advantage  where  high-power  motors  are  concerned. 

The  Scherbius  method  of  controlling  the  speed  and  improving  the  P.F.  of  a 
3-phase  slip-ring  motor  involves  the  use  of  an  auxiliary  3-phase  commutator  motor 
driving  an  induction  generator.  The  stators  of  the  main  motor  and  of  the  induc¬ 
tion  generator  set  are  connected  to  the  bus  bars,  and  the  rotor  of  the  main  motor 
is  connected  to  the  commutator  motor.  On  reducing  the  speed  of  the  main  motor, 
*  slip-energy  ’  is  transferred  to  the  auxiliary  motor,  which  then  drives  the  induction 
generator  above  synchronous  speed  and  restores  energy  to  the  bus  bars.  Control 
is  by  varying  the  excitation  of  the  commutator  motor,  and  thus  applying  a  variable 
back  E.M.F.  to  the  rotor  of  the  main  motor.  By  use  of  a  special  phase  trans¬ 
former,  the  phase  of  the  current  through  the  auxiliary  commutator  motor  and 
the  rotor  of  the  main  motor  can  be  varied,  and  thus  the  P.F.  of  the  main  machine 
raised  to  unity. 

The  Miles  Walker  phase  advancer  is  provided  with  main  exciting  windings  on 
the  stator  which  permit  the  phase  of  the  advancer  E.M.F.  to  he  adjusted  at  will. 
If  the  advancer  E.M.F.  acts  in  conjunction  with  the  rotor  E.M.F.  of  the  main 
motor,  the  slip  of  the  latter  is  reduced ;  the  phase  advancer  is  then  actually 
delivering  energy  to  the  main  rotor.  On  the  other  hand,  if  the  advancer  E.M.F. 
opposes  the  rotor  E.M.F.  the  rotor  slip  is  increased,  and  the  advancer  runs  as  a 
motor  driven  by  energy  withdrawn  from  the  main  rotor  circuit ;  this  offers  a  con¬ 
venient  and  economical  means  of  Blowing  down  the  main  motor.  Compensating 
windings  on  the  stator  of  the  advancer  ensure  good  commutation.  For  further 
information  see  Jour .  I.E.E. ,  Yol.  42,  p.  599,  and  Vol.  50,  p.  329. 

The  Kapp  phase  advancer  makes  use  of  the  fact  that  a  conductor  carrying 
A.C.  and  oscillating  in  a  D.C.  field  becomes  the  seat  of  a  leading  E.M.F.  which 
improves  the  P.F.  of  the  A.C.  As  applied  to  a  3-phase  induction  motor,  the 
phase  advancer  consists  of  three  bipolar  D.C.  armatures  vertically  above  each  other 
in  a  single  main  carcase.  The  field  magnets  of  these  armatures  are  connected  to 
an  exciter  on  the  induction  motor  shaft.  The  three  armatures  themselves  are 
in  delta-connection,  and  connected  to  the  slip  rings  of  the  induction  motor. 
The  phase  advancer  is  short-circuited  by  interlocked  switchgear,  whilst  the  induc¬ 
tion  motor  is  being  started;  then  the  short-circuit  is  removed  and  the  low.-fre- 
quency  rotor-slip  current  sets  the  armatures  in  oscillation,  a  leading  E.M.F.  is 
induced  in  them,  and  the  P.F.  of  the  motor  is  improved  and  the  B.H.P.  of  the 
machine  increased.  For  further  information  see  Electriciany  Yol.  69,  pp.  222, 
272 ;  and  Jowr.  I.E.E.,  Yol.  51,  p.  243 ;  Vol.  61,  p.  89. 


The  part  played  by  compensating  windings  in  improving  the 
E.F-of  A.C,  commutator  motors  is  mentioned  briefly  in  Chapter  28, 
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and  the  subject  is  one  of  too  specialised  a  nature  to  justify 
further  treatment  In  these  pa^es. 

161.  Location  and  Control  of  Apparatus  for  P.F.  Correc¬ 
tion. _ It  is  clearly  desirable  that  there  should  In*  placed  immedi¬ 

ately  adjoining  every  load  of  low  IVF.,  phase  correcting  apparatus 
which  will  raise  the  P.F.  of  the  combination  to  unity,  thus  re- 
lieving  even  the  feeders  of  wattless  current.  P.F.  correcting 
apparatus  relieves  the  generators  and  the  circuit  between  itself 
and  the  generators,  hut  not  the  circuit  between  itself  and 
the  load.  The  application  of  synchronous  motors  or  phase 
advancers  to  large  individual  loads  is  economically  practicable. 
Static  condensers  can  lx*  connected  directly  in  parallel  with  the 
load  and  switched  in  and  out,  with  the  latter;  condensers  are, 
however,  only  applicable  to  relatively  small  loads  and  cannot 
easily  be  adjusted  to  suit  wide,  variations  in  load.  P.F.  correction 
for  miscellaneous  industrial  loads  is  generally  best  effected  by 
synchronous  motors  located  in  sub-stations.  By  plotting  a  P.F. 
map  of  the  system  the  best  situations  for  the  corrective  apparatus 
can  be  determined  and  the  compensation  can  Iks  adjusted  con¬ 
tinuously  to  suit  the.  load;  unless  the  compensation  is  thus  ad¬ 
justed  there  may  be  leading  wattless  currents  at  times,  and  these 
are  as  objectionable  as  lagging  current  {§  lo.'p. 

Centralised  Production  of  Wattless  fwnvwf.*—  Under  practical  conditions  it  h 
impossible  to  operate  an  A.O.  system  at  an  average  power  factor  of  unity,  hence 
the  current  has  inevitably  a  wattless  component  which  rnunt  he  produced  by  the 
generators  which  hied  tin*  system.  It  ban  been  suggested  that  rather  than  to 
allow  all  tho  generators  to  operate  at  or  about  the  mean  power  factor  of  the 
system  it  would  ho  bettor  to  supply  all  the  wattles  current  from  one  generator 
(operating  at  practically  zero  power  factor),  the  other  generators  then  operating  at 
unity  power  fac.tor.  This  method  would  concentrate  in  a  single  unit  all  the  idle 
generating  capacity  and  investment  which  are  otherwise  divided  between  all  the 
generators  on  tho  network;  and,  in  general,  the  conditions  for  controlling  the 
generation  of  wattless  current  would  he  more  favourable  in  a  plant  devoted  speci¬ 
fically  to  this  duty.  The  zero  power  factor  generator  would  require  little 
mochanical  power  to  drive  it  (nay  10  %  of  the  kilovolt  ampere  output  at  zero 
power  factor)  and  this  energy  -representing  the  losses  due  to  the  wattless  currant 
— could  generally  bn  supplied  more  economically  by  a  special  prime  mover  than 
by  a  synchronous  motor  running  light  and  over-excited  {%  lift)  h)  for  firmer  factor 
correction.  Again,  tho  turbo-generator  normally  used  to  supply  the  wattless 
current  could  Vie  used  in  emergency  to  supply  effective  power  tip  to  the  kilowatt 
rating  of  tho  prime  mover.  The  distribution  of  the  wattles*  current  from  a  central 
point  would  generally  involve  an  increase  in  the  P/l  losses  in  the  mains,  but  tho 
actual  increase  in  these  losses  should  not  outweigh  the  advantages  gained  in  other 
directions.  It  is  purely  a  financial  problem  to  determine  the  economy  or  other¬ 
wise  of  ccntralisod  wattless  generation  in  any  particular  system.  (8$e  aim  f  1120.) 
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Hearing  in  mind  fcho  effect  of  low  P.K.  in  minting  the  effective  kW  capacity 
of  plant,  on  wliich  depend  the  fixed  costs  per  kWh  (§  272),  it  seems  that,  wattless 
current  can  be  produced  most  economically  in  stations  where  the  ratio  of  fixed 
(capital)  to  running  costs  is  lowest,  fn  a  transmission  line,  the  fixed  costs  are  high 
compared  with  the  cost,  of  energy  dissipated  in  the  line,  hence  the  long-distaneo 
transmission  of  wattless  current,  resulting  in  reduced  kW  capacity  of  the  line,  is 
to  be  avoided. 

162.  Economics  of  P.F.  Correction. — The  doHirabiliiy  of 
P.F.  correction  on  technical  ground**  in  obvioua  from  §  155,  from 
which  it  will  be  scum,  however,  that  the  ill  effecta  of  low  P.F.  are 
at  the  expense  of  the  supplier  of  electricity.  Unless  the  supply 
tariff  penalises  low  P.F.  (§  274)  there  is  no  inducement  to  the 
consumer  to  improve  the.  P.F.  of  his  load.  On  the  other  hand, 
the  supplied’  may  ho  compelled  to  raise  the  P.F.  of  the.  system  in 
order  that  the  declared  voltage  may  he  maintained  at 'the  con¬ 
sumer’s  terminals,  or  lie  may  find  it  cheaper  to  install  and  operate 
apparatus  for  P.F.  correction  than  to  leave  idle  the,  equipment 
which  is  rendered  unproductive  by  low  P.F.,  and  to  supply  the 
additional  losses  occasioned  by  low  P.F.  This  is  a  purely  com¬ 
mercial  problem,  and  must  bo  considered  for  each  case  on  its 
merits.  In  an  A.C.  supply  system  operating  at  (Mi  P.F.  the 
capital  charges  per  effective  k  W  capacity  of  the  generating  station 
and  distribution  equipment  are  perhaps  50  "/rt  higher  than  they 
would  be  if  the  P.  F.  were  unity. 

The  following  excerpts  are  instructive;  the  costs  mentioned 
are  pre-war  values,  but  the  relative  values  are  still  alnmt  the  Name. 

Koran  expenditure)  of  7s.  or  Hb.  per  kVA  ‘corrected/  it  i»  possible  to  obtain 
the  advantages  of  P.F.  correction  throughout  the  supply  system,  i.c.  on  cables, 
transformers,  and  generating  plant.  If  that  is  considered  for  any  particular 
system  it  will  bo  found  that  it  given  an  excellent  return  on  the  investment 
(Larko,  Jour.  l.K.E .,  Vol.  53,  p.  433). 

The  cost  of  phase  advancers  per  wattless  leading  kVA  introduced  into  the 
lino  may  be  about  10k.  ;  for  synchronous  condensers  about  80s. ;  and  for  static 
condensers  about  40s.  'Phis  is  very  much  less  than  the  cost,  per  kVA  of  the 
generators,  transformers,  and  cabins  for  generating  and  transmitting  wattless 
currents  (G.  M.  Brown,  Jour,  /.A'.  A’.,  Vol.  58,  p.  602). 

The  installation  of  power- factor  correcting  apparatus  is  cheaper  than  increas¬ 
ing  tho  plant  capacity  of  the  whole  system  (for  the  same  final  kW  load)  if  the 
ratio:  (Cost  per  kVA  compensated  by  P.F.  correction)  /(cost  perkVA  for  whole 
electrical  equipment,  generators,  switchgear,  transformers,  cables,  etc.)  is  less 
than  (cos  fa  -  cos  <px)  f  sin  (<px  -  fa).  This  ratio  is  simply  the  numerical  increase 
in  P.F.  divided  by  the  sine  of  the  angle  of  phase  advancement,  ft  is  never  econo¬ 
mical  to  install  P.F.  correcting  apparatus  if  the  above  ratio  exceeds  sin  fa ;  for 
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any  marked  economy  to  result  the  ratio  should  be  distinctly  less  than  sin  fa 
( Power  Factor  Correction ,  by  A.  E.  Clayton  (Pitman)). 

163.  Bibliography  (see  explanatory  note,  §  58).  In  addition 
to  the  papers  mentioned  in  the  preceding  paragraphs  there  have 
been  innumerable  contributions  to  technical  periodicals  and  to  the 
proceedings  of  scientific  bodies.  At  the  time  of  writing,  the  only 
book  dealing  exclusively  with  the  subject  appears  to  be  Power 
Factor  Correction .  by  A.  E.  Clayton  (Pitman). 


CHAPTER  6. 


SOURCES  OF  ENERGY  AND  PRIME  MOYERS. 

164.  Methods  of  Driving  Generators;  Power  Required.— 

Whether  of  large  or  small  size,  a  generator  (dynamo  or  alternator) 
may  either  be  directly  coupled  to  its  prime  mover,  the  two  shafts 
being  joined  up  by  half-couplings  or  flexible  couplings,  or  it  may 
be  driven  by  belt  or  rope.  The  cost  of  a  generator  depends  so 
much  on  its  speed  ^that  where  low-speed  prime  movers  are  used  a 
belt  drive  is  generally  necessary  ;  with  low-head  water  turbines 
even  gearing  often  has  to  be  employed.  On  the  other  hand,  with 
high-speed  prime  movers  direct  coupling  is  generally  adopted. 
In  the  case  of  steam  turbines  the  mechanical  construction  of  a 
sufficiently  high-speed  dynamo  offers  difficulties,*  and  special 
design  is  necessary. 

The  B.H.P.  required  to  drive  a  given  dynamo  at  its  rated  full 
load  =  (Watts  /  746)  x  (100  /  Efficiency  °/0).  For  example,  a 
generator  with  an  output  of  41  A  at  220  Y  gives  9  000  W  or 
9  kW,  and  if  the  efficiency  is  88  °/Q  the  B.ELP.  required  to  drive 
it  will  be  (9  000  /  746)  x  (100  /88)  =  (say)  14  B.H.P.  It  must 
be  remembered,  however,  that  all  generators  are  capable  of 
running  for  a  limited  time  on  a  25  °/0  overload  (§  136),  and  this 
advantage  will  be  lost  if  the  prime  mover  cannot  do  likewise. 
With  oil  and  gas  engines,  it  is  especially  necessary  to  state  the 
maximum  B.H.P.  which  is  required  at  the  coupling  or  pulley 
under  the  given  conditions  of  fuel,  altitude,  and  so  forth  (§  179). 

Where  a  belt  drive  is  necessary  it  may  be  noted  that  the  maximum  tension 
which  single  belting  of  ordinary  thickness  (say  J  in.)  will  stand  in  practice  is 
about  90  lbs.  per  inch  of  width.  The  H.P.  transmitted  is  (T  -  t)v  /  33  000,  where 
T  and  t  are  the  tensions  on  the  tight  and  slack  sides  respectively,  and  v  is  the 
linear  velocity  in  ft.  per  min.  This  gives  H.P.  =  vb  /  750  or  b  —  H.P.  x  750  /  v, 
where  b  is  the  width  of  single  belt  in  inches ;  since  746  W  =  1  H.P.  the  product 
vb  represents  very  nearly  the  watts  transmitted.  A  double  belt  will  transmit  some 
60  %  more.  In  the  case  of  ropes  the  H.P.  transmitted  is  =  Tv  /  44  000,  where  T 

*  See  also  ‘  Difficulties  of  Design  of  High-speed  Generators,  ’  by  A.  B.  Field, 
Jour.  I.E.E.,  54,  pp.  65  et  se%. ;  also  §  145  herein. 

vol.  i.  241 


16 


§  1 65  ELECTRICAL  ENGINEERING  PRACTICE 

denotes  (Safe  working  load  on  each,  rope  x  Number  of  ropes).  The  safe  working 
load  is  about  200  lbs.  per  sq.  in.,  and  v  may  vary  from  4  000  to  5  000  ft.  per  min. 

165.  Sources  of  Energy. — The  mechanical  energy  required 
to  drive  dynamo-electric  generators  (which  are  the  only  type  used 
for  commercial  supply  (§§  126,  132))  may  be  that  already  avail¬ 
able  in  nature  (wind  or  water  power),  or  it  may  be  derived  from 
the  heat  of  solar  radiation  or  the  heat  of  combustion  of  fuels. 
The  shortage  and  high  cost  of  fuel  in  all  countries  have 
directed  attention  to  the  more  extensive  development  of  water 
power  (Chapters  8-10) ;  improved  types  of  water  turbines  and 
increased  use  of  automatic  plant  (§  187)  have  made  profitable  the 
development  of  many  falls  which  have  hitherto  been  regarded  as 
useless.  In  Great  Britain,  however,  coal  is  still  the  principal 
source  of  electrical  energy.* 

Though  wind  power  is  fickle  and  cannot  economically  be 
utilised  in  high-power  units,  it  offers  a  tempting  means  of  provid¬ 
ing  energy  for  small  estates.  In  this  application  the  wind  wheel 
is  geared  to  a  D.C.  generator  which  is  connected  in  parallel  with 
a  storage  battery  to  the  supply  mains.  The  storage  battery  is 
essential  to  the  maintenance  of  supply  during  periods  of  calm. 
Though  each  case  must  be  considered  on  its  merits,  it  may  be 
doubted  whether  the  capital  and  maintenance  costs  of  the  windmill 
and  relatively  large  storage  battery  required,  do  not  exceed  those 
of  the  self-starting  petrol  engine  and  small  capacity  battery 
(§180)  which  generally  could  be  employed  in  its  stead.  Formulae 
for  the  horse-power  of  wind  turbines  are  complicated  and  none 
too  reliable.  It  is  claimed  that  a  wheel  25  ft.  in  diameter 
develops  about  kW  at  the  generator  terminals  when  the  wind 
speed  is  12-£  m.p.h.  and  18  kW  when  the  wind  speed  is  25  m.p.h. 


*  Tbe  subjoined  data  are  derived  from  statistics  published  by  the  Electricity 
Commissioners : — 


Year  ending  March  31 

1921 

1922 

No.  of  stations  submitting  returns 

.  501 

587 

Total  kWh  generated  in  millions 

.  5167-3 

4884-7 

Percentage  of  total  kWh  generated  from  or  by : — 
Coal  and  coke . 

.  95-9 

97-22+ 

Waste  heat . 

3-12 

1-11 

Oil  engines . 

0-46 

0-64 

Destructors . 

0-34 

0-36 

Water  power . 

0-09 

0-59 

Gas  engines  (town  gas)  ..... 

0*08 

008 

f  96-9  0/o  in  steam  stations  and  0*32  %  in  gas  producer  stations. 
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The  power  developed  increases  roughly  with  the  square  of  the 
diameter  of  the  wheel  and  with  the  cube  of  the  wind  speed. 
There  is  obvious  advantage  in  locating  the  windmill  on  a  hill-top, 
where  there  is  seldom  a  calm  and  where  the  mean  velocity  of  the 
wind  is  higher  than  in  valleys.  If  the  hill-top  site  is  far  from  the 
prospective  electrical  load,  the  scheme  cannot  be  developed  with 
direct  current.  The  use  of  an  alternator  would  solve  this  diffi¬ 
culty  by  making  high-voltage  transmission  practicable,  but  no 
storage  of  energy  is  economically  feasible  in  an  A.C.  system.  By 
the  use  of  induction  generators  (§  144)  at  the  wind  turbine,  the 
latter  can  be  situated  at  the  most  favourable  site,  alternat¬ 
ing  current  being  transmitted  at  high  voltage  from  the  asyn¬ 
chronous  generator  to  supplement  the  output  from  synchronous 
generators  in  an  existing  AC.  supply  system.  Interesting 
suggestions  for  the  use  of  windmills  to  pump  sea  water  to  the 
top  of  cliffs,  the  water  being  then  delivered  as  required  to  Pelton- 
wheel  generators  at  the  bottom,  are  given  by  R  A.  Fessenden, 
Electrician ,  Sept.  16,  1910. 

Direct  utilisation  of  sun  heat  to  raise  steam  in  large  area  low- 
pressure  boilers,  or  in  high-pressure  boilers  at  the  focus  of  suitable 
reflectors,  is  quite  practicable  in  countries  which  are  practically 
free  from  clouds.  The  solar  radiation  reaching  the  earth’s  surface 
has  been  estimated  to  be  equivalent  to  5  000  H.P.  per  acre  at  noon 
in  summer.  The  Meadi  (Egypt)  sun  absorber,  erected  in  1913, 
had  a  4£  :  1  ratio  of  mirror  to  boiler  surface  and,  at  40  °/o  boiler 
efficiency,  developed  63  B.H.P.  per  acre  covered  by  the  plant.* 
The  Shuman  engine  which  was  used  consumed  22  lbs.  of  steam  at 
atmospheric  pressure  per  B.H.P. -hr.  It  was  estimated  that  this 
installation  could  compete  with  coal  at  £3  10s.  a  ton.  The 
principal  utility  of  such  installations  is  piobably  in  irrigation  and 
other  pumping  service. 

166.  Efficiency  of  Production  of  Mechanical  Energy  by 
Combustion  of  Fuel. — Heat  derived  from  the  combustion  of  fuel 
may  be  used  to  raise  steam  from  which  mechanical  energy  is  then 
derived  by  allowing  the  steam  to  expand  in  a  reciprocating  engine 
or  turbine,  or  the  fuel  may  be  burned  in  the  engine  itself  (internal 
combustion ),  the  gases  thus  formed  at  high  pressure  in  a  confined 
space  being  then  allowed  to  expand,  and  so  to  develop  mechanical 

*Eor  details  of  this  and  other  sun-absorbers  see  papers  by  A.  S.  E.  Ackermann 
before  the  Soc.  of  Engineers,  April,  1914,  and  the  Boyal  Soc.  of  Arts,  April,  1915. 
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energy.  c  Waste  heat,’  such  as  that  in  the  flue  gases  from  an  in¬ 
dustrial  furnace  or  in  the  exhaust  gases  from  an  internal  combus¬ 
tion  engine,  can  be  used  to  raise  steam  for  use  in  an  auxiliary  power 
plant. 

External  Combustion  Cycle. — The  ‘  mechanical  equivalent  ’  of 
1  B.ThU.  (§  48)  is  about  778  ft.-lbs.  but  it  must  not  be  assumed 
that  the  whole  of  the  heat  developed  by  the  combustion  of  fuel 
can  be  converted  to  mechanical  energy  in  this  proportion. 
Mechanical  energy  can  be  derived  from  heat  only  when  the 
temperature  changes.  If  Q  B.Th.U.  be  delivered  to  any  heat 
engine  at  an  absolute  *  temperature  Tx  F.  and  exhausted  at 
absolute  temperature  T2°  F,  the  amount  of  heat  which  could  theo¬ 
retically  be  converted  into  mechanical  energy  =  Q(TX  -  T2)  /  Tx 
and  the  thermal  efficiency  would  then  be  (Tx  -  T2)  /  Tx.  This 
shows  at  once  that  the  thermal  efficiency  is  higher,  the  greater  the 
range  of  temperature  (Tt  -  T2)  in  the  working  cycle. 

From  steam  tables  it  will  be  found  that  the  absolute  temperature  of  saturated 
steam  at  165  lbs.  /sq.  ins.  (absolute)  is  825°  F.,  and  at  1  lb.  /  sq.  in.  (about  29  ins. 
vacuum)  is  561°  F.,  hence  the  theoretical  thermal  efficiency  of  an  engine  working 
between  these  limits  is  (825  -  561)  /  825  =  32  °/0*  Allowing  for  the  losses  inevit¬ 
able  in  an  actual  engine  the  thermal  efficiency  might  be  20  °/0>  and  the  engine 
would  then  have  a  relative  efficiency ,  compared  with  the  ideal  engine,  of  20  /  32  = 
0*62  or  62  %• 

The  mechanical  efficiency  of  the  engine,  which  bears  no  relation  to  either  the 
actual  or  the  relative  thermal  efficiency,  is  the  ratio  of  the  mechanical  energy 
available  at  the  shaft  to  that  developed  at  the  point  where  the  heat  is  converted  to 
mechanical  energy.  In  a  reciprocating  engine  the  mechanical  efficiency  =  Brake- 
H.P.  /  Indicated-H.P.,  and  the  difference  (I.H.P.  -  B.H.P.)  =  the  frictional 
loss  in  the  engine  plus  the  power  required  to  drive  the  air  pump  (in  condensing 
engines).  The  mechanical  efficiency  may  be  90-95  0/o  in  single-cylinder  non¬ 
condensing  engines,  and  75-85  °/Q  in  condensing  engines. 

The  total  heat  of  saturated  steam  at,  say,  165  lbs.  /  sq.  ins. 
absolute  is  1  195  B.Th.U.  /  lb.  (reckoned  above  32°  F.,  see  steam 
tables),  and  that  of  standard  steam  at  \  lb.  /  sq.  in.  (about  29-J  ins. 
vacuum)  is  1  086  B.TbuU. /lb.  Under  actual  conditions  about 
1  000  B.Th.U.  /  lb.  of  steam  consumed  is  rejected  in  the  condens¬ 
ing  water  or,  in  a  non-condensing  plant,  lost  to  the  atmosphere. 
This  loss  represents  about  60 °f0  of  the  heat  value  of  the  coal 
burned  below  the  boilers.  The  amount  of  heat  thus  rejected 


*The  absolute  temperature  in  Fahrenheit  degrees  =  (temperature  on  the 
Fahrenheit  scale  +  459);  the  absolute  zero  of  temperature  being  —  459°  F.,  t.e, 
459  +  32  =  491°  F.  below  the  freezing-point  of  water. 
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could  only  be  reduced  by  lowering  the  final  temperature  of  the 
steam;  lOO  %  thermal  efficiency  in  any  heat  engine  is  not 
even  theoretically  possible  unless  the  working  fluid  can  be  utilised 
down  to  the  absolute  zero  of  temperature  (  -  273°  C.  or  -  459°  F.). 
In  practice  the  lower  limit  of  temperature  is  212°  F.  for  a  steam 
engine  exhausting  to  atmosphere,  and  from  80°-120°  F.  for  a 
condensing  engine,  according  to  the  vaccuum  maintained. 

The  lower  limit  of  temperature  for  the  steam  cycle  being  thus 
fixed,  the  only  means  of  increasing  the  efficiency  of  the  cycle  itself 
(as  distinct  from  reducing  the  heat  losses  in  the  boiler  and  pipe  line, 
and  the  friction  losses,  etc. ,  in  the  engine)  is  by  raising  the  upper 
limit  of  temperature.  This  may  be  done  by  using  higher  steam 
pressures  and  by  superheating  the  steam  to  the  highest  tempera¬ 
ture  permitted  by  mechanical  considerations  (§§  172,  174). 

The  use  of  mercury  vapour  in  a  thermo-dynamic  cycle  offers 
a  means  of  raising  the  upper  working  temperature  (and  thus  in¬ 
creasing  the  possible  efficiency  (2\  -  T2  /  Tt)  without  employing 
high  pressures.*  The  first  commercial  installation  operating  on 
this  principle  is  at  the  Dutch  Point  station  of  the  Hartford  (Conn.) 
Electric  Light  Co.f  and  has  an  oil-fired  mercury  boiler  containing 
30  000  lbs.  of  mercury.  On  top  of  this  is  a  2  000  kVA  mercury 
turbo-generator,  the  exhaust  mercury  vapour  from  which  is  con¬ 
densed  by  the  water  tubes  of  a  boiler  which  supplies  steam  to  steam 
turbines  as  usual.  In  such  a  plant  mercury  vapour  can  be  sent 
straight  from  the  mercury  boiler  to  the  condenser  boiler  if  desired. 
The  mercury  boiler  and  turbine  can  be  added  to  existing  steam 
plants  without  affecting  the  steam  cycle ;  the  mercury  transfers 
heat  from  the  fuel  to  the  steam  and  the  additional  power,  derived 
from  the  mercury  cycle,  is  expected  to  halve  the  overall  fuel  con- 
consumption  per  kWh. 

The  advantages  of  mercury  as  a  thermo-dynamic  fluid  are :  (1)  Its  boiling- 
points  at  desired  pressures  are  convenient  (about  732°  F.  at  25  lbs.  absolute,  677°  F. 
at  atmospheric  pressure,  and  457°  F.  at  28  ins.  vacuum),  thus  making  possible 
operation  in  a  range  of  temperature  above  that  of  the  usual  steam  cycle  without 
much  exceeding  atmospheric  pressure.  (2)  Its  high  specific  gravity  (13'6)  makes 
possible  gravity  feed,  gravity  sealing  of  valve  stems,  etc.,  and  centrifugal  sealing  of 
turbine  packings.  (3)  At  the  temperatures  used,  mercury  is  neutral  to  air,  water, 
iron,  and  such  organic  substances  as  it  may  come  into  contact  with.  (4)  The 
interior  of  a  mercury  boiler  is  always  perfectly  clean.  (5)  The  vapour  density  of 

*  The  pressure  of  steam  rises  rapidly  with  temperature,  and  the  turbine  is  not 
well  adapted  for  utilising  very  high  pressures. 

t  See  Ml  Wld Yol.  79,  p.  1 186. 


n  a  c* 


§  1 67  ELECTRICAL  ENGINEERING  PRACTICE 

mercury  is  so  high  that  the  spouting  velocity  is  low  and  a  very  simple  type  of 
turbine  can  be  used,  generally  a  single  wheel.  (6)  It  is  expected  that  there  will 
be  no  erosion  of  the  turbine  blades,  these  not  being  wetted.  (7)  The  volume  of  the 
vapour  at  convenient  condensing  temperatures  is  such  that  the  turbine  buckets 
need  not  be  abnormally  high  (this  is  one  of  the  chief  difficulties  in  steam  turbine 
design).  (8)  The  mercury  condensing  boiler  is  very  small  and  simple  compared 
with  a  fuel-heated  boiler ;  it  resembles  a  surface  condenser  and  is  immune  from 
scaling  and  burning. 

The  cost  of  mercury  is  high  but  only  a  relatively  small  quantity  is  required; 
the  vapour  is  very  poisonous,  but  the  system  can  be  sealed  effectively  (W.  L.  R. 
Emmet,  Gen .  El.  Rev .,  Vol.  17,  pp.  47,  99). 

Internal  Combustion  Cycle. — The  inherent  advantages  of  the 
internal  combustion  cycle  are  that:  (1)  Heat  is  developed  in  the 
actual  space  where  the  development  of  mechanical  energy  occurs, 
thus  eliminating  boiler  and  pipe  losses.  (2)  The  temperature 
range  of  the  working  cycle  (and  therefore  the  thermal  efficiency 
attainable)  in  the  engine  is  greater  than  that  of  the  steam  cycle. 

167.  Thermal  Efficiencies  of  Prime  Movers ;  Fuel  and 
Steam  Consumptions. — A  knowledge  of  the  approximate  thermal 
efficiency  of  various  prime  movers  is  useful  in  practice,  because  it 
enables  one  speedily  to  form  a  good  idea  of  the  amount  of  any 
particular  fuel  consumed  by  a  particular  type  of  engine.  The 
heat-equivalent  of  mechanical  work  is  about  42*4  B.Th.U.  per 
H.P.-min.,  or  2  545  B.Th.U.  per  H.P.-hr.,  so  that  if  the  thermal 
efficiency  of  an  engine  be  E  °/0 ,  that  engine  will  require 
(2  545  x  100  / E)  B.Th.U.  per  B.H.P.-hr.,  and  if  the  calorific  value 
of  the  fuel  used  be  H  B.Th.U.  per  lb.,  the  fuel  consumption  of  the 
engine  will  be  (254  500  /  E  x  H)  lbs.  per  B.H.P.-hr.  If  the  heat 
of  the  fuel  is  developed  in  a  boiler  or  gas  producer  before  passing 
to  the  engine,  the  fuel  consumption  of  the  engine  will  be  given  by 
(25  450  000  /  E  x  H  x  e),  where  e  is  the  thermal  efficiency  of  the 
boiler  or  producer,  etc.  This  method  of  evaluating  fuel  consump¬ 
tion  is  applied  in  Table  15,  the  results  in  which  are  in  good  general 
agreement  with  the  practical  data  given  later.  Since,  however, 
a  fractional  difference  in  fuel  consumption  represents  a  large  sum 
of  money  per  annum  where  the  production  of  large  quantities  of 
energy  is  concerned  (§  193),  it  is  necessary  to  attach  great  impor¬ 
tance  to  such  differences,  in  practice,  and  this  involves  taking 
into  account  small  differences  in  calorific  value,  degree  of  superheat, 
vaccuum,  barometric  height,  and  so  forth.  Since  all  these  factors 
cannot  be  taken  into  consideration  in  such  a  summary  as  Table  15 
the  data  there  given  are  correspondingly  approximate.  Values  of 
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Table  15. — Thermal  Efficiency  of  Prime  Movers,  with  derived 
Fuel  Consumption  Data.  ( See  also  Table  20,  §  179.) 


Thermal  Efficiency. 

o  nd 

B.Th.U. 

per 

B.H.P.-hr. 

Fuel  Used  and 
Calorific  Value : 
(a)  per  Lb. 

{b)  per  C.  Ft. 

Fuel  Consump- 

Prime  Mover. 

g  o 
.2^ 

Engine 
(from 
Admis¬ 
sion  to 
Crank- 
Shaft). 

Boiler 

or 

Pro¬ 

ducer, 

etc. 

Overall 

(Fuel 

to 

Crank- 

Shaft). 

tion  per  B.H.P.- 
hr.*  (ou  Load 
Stated  in 

Col.  2). 

Steam  engines — 

°/o 

°/o 

°/o 

B.Th.U. 

Simple  .... 

1 

10  to 

70 

7 

36  400 

2*7  lbs. 

15 

80 

12 

21  200 

Average 

Coal 

13  500  {a) 

1*6 

Compound  (condensing, 

1 

16  to 

75 

12 

21  200 

1*6 

saturated  steam) 

18 

80 

14*4 

17  700 

1*3 

Triple  or  quad.  exp.  (sat- 

1 

20  to 

75 

15 

17  000 

1*25 

urated  or  superheated) 

24 

80 

19*2 

13  250 

0-98 

Steam  turbines-— 

Up  to  500  kW 

1 

10  to 

70 

7 

36  400 

2-7  lbs. 

5  000  to  10  000  kW 

15 

80 

12 

21  200 

Average 

1*6 

1 

20  to 

75 

15 

17  000 

Coal 

1-25 

23 

80 

18*4 

13  850 

13  500  (a) 

1*03 

Exceptional  . 

1 

26  to 

75 

19*5 

13  000 

0*96 

28 

83 

23*3 

10  900 

0*81 

Heavy  oil  engines  (includ¬ 

1 

25  to 

_ 

25 

10  200 

Crude  oil 

18  500  {a) 

0*55  lb. 

ing  Diesel) 

30  or 
35 

- 

30 

35 

8  500 

7  275 

0*46 

0*39 

Paraffin  engines— 

Small  .... 

1 

15  to 

— 

15 

17  000 

Paraffin 

19  500  (a) 

0*87  lb.  (or  pint 

Large  .... 

1 

20 

20  to 

20 

20 

12  700 

12  700 

0*65  approx.) 
0*65 

25 

— 

25 

10  200 

0*52 

Lb. 

Pint. 

Petrol  engines  . 

1 

16  to 

— 

16 

15  900 

Petrol 

0*8 

0*92 

24 

— 

24 

10  600 

20  000  ( a ) 

0*53 

0*61 

Lbs. 

C.  Ft. 

Gas  engines — 

Coal. 

Gas. 

Using  producer  gas  . 

1 

20  to 

75 

15 

17  000 

Anthracite  or 

1*22 

94  f 

25 

85 

21-3 

11  950 

bituminous  coal 

0*85 

76  f 

l 

20  to 

75 

15 

17  000 

14  000  (a) 

1*22 

94  f 

i  23 

85 

19*6 

13  000 

yielding  suction 

0*93 

82  + 

h. 

15  to 

70 

10*5 

24  200 

or  producer  gas 

1-73 

126  + 

20 

80 

16 

15  900 

135  (5) 

1*14 

94  + 

*  It  must  be  understood  that  the  figures  in  this  column  are  calculated  (as  explained  in  text).  The 
basis  on  which  they  are  calculated  is  rational,  so  that  the  figures  are  a  reliable  indication  of  the  results 
which  may  be  expected  in  practice.  At  the  same  time,  it  is  impossible  to  lay  down  hard  and  fast  rules. 
For  instance,  in  steam  plant,  the  design  of  engine,  pattern  of  boiler,  quality  of  coal,  draught,  skill  of 
stoker,  or  good  working  of  the  mechanical  stoker,  all  affect  fuel  economy  to  a  marked  degree. 

Assuming  94  °/0  efficiency  in  large  generators  at  full-load,  add  43  °/0  (i.e.  multiply  by  1*43) 
to  those  figures  in  this  column  which  refer  to  operation  at  full-load  in  order  to  obtain  the  fuel  consump¬ 
tion  per  kWh  delivered  by  the  generator  on  full-load. 

f  These  figures  are  naturally  referred  to  the  thermal  efficiency  of  the  engine  alone . 
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Thermal  Efficiency. 

Fuel  Consump¬ 
tion  per  B.H.P.- 
hr.*  (on  Load 
Stated  in 

Col.  2). 

^action  of 
ull  Load. 

B.Th.U. 

per 

B.KLP.-lir. 

Fuel  Used  and 

Prime  Mover. 

Engine 

(from 

Admis- 

Boiler 

or 

Pro- 

Overall 

(Fuel 

to 

Calorific  Value  : 

(а)  per  Lb. 

(б)  per  C.  Ft. 

sion  to 

ducer, 

Crank- 

Crank- 

Shaft). 

etc. 

Shaft). 

Gas  engines — 

Using  town  gas 

1 

°/ 

20  to 

2- 

B.Th.U. 
12  700 

25*4  c.  ft. 

25 

20  to 

CO 

25 

20 

10  200 

12  700 

Town  (or  light¬ 
ing  gas) 

500  (6) 

20*5 

25*4 

4 

23 

15  to 

£  & 
ri  co 
cs5 

*g  3 

23 

15 

11 100 

17  000 

22*2 

34*0 

20 

a  as 

20 

12  700 

25*4 

Using  coke-oven  gas 

l 

20  to 

faJD^ 

S3  - 

20 

12  700 

29*5  c.  ft. 

25 

25 

10  200 

237 

S 

20  to 

|  | 

20 

12  700 

Coke-oven  gas 

29*5 

23 

w  r3 

23 

11  100 

430  (b) 

25*8 

l 

15  to 

g,  03 
tO  3 

15 

17  000 

39*5 

20 

*S’En 

20 

12  700 

29*5 

12  700 

141  c.  ft. 

Using  blast-furnace  gas  . 

l 

20  to 

20 

25 

#a»  £ 

25 

10  200  j 

114 

M 

T 

20  to 

1  S 

20 

12  700 

Blast-furnace  gas 

141 

23 

03  a> 
—  CJ 

23 

11  100 

90  (6) 

124 

j. 

15  to 

ce  a 
d  o 

15 

17  000  i 

190 

20 

g  ° 

CD  +» 

20 

12  700 

141 

Exceptional  . 

1 

25  to 

E-i  a 

25 

10  200 

Natural  gas 

12*5  c.  ft. 

30 

30 

8  500 

800-850  (5) 

10*4 

fuel  and  steam  consumption  taken  from  practice  are  given  in  the 
later  paragraphs  dealing  with  individual  types  of  prime  movers. 

The  economy  of  steam  engines  and  turbines  is  generally  ex¬ 
pressed  in  terms  of  steam  consumption  either  per  I.H.P.-hr.,  per 
B.ILP.-hr.  (or  particularly  in  generator  sets)  per  kWh.  If  a  be 
the  percentage  mechanical  efficiency  of  the  engine  and  b  the  per- 
centage  efficiency  of  the  electric  generator  : — 


Lbs.  per  Lbs.  per  Lbs.  per  Lbs.  per 

I.H.P.-hr.  B.H.P.-hr.  E.H.P.-hr.  kWh. 


W  lbs.  per  I.H.P.-hr.  =  W  100  W  (a  10  000  W  /  a.b  13  400  W  /  a.b 
W  lbs.  per  B.H.P.-hr.  =  «.W  /  100  W  100  W/6  134  W/6 

W  lbs.  per  E.H. P.-hr.  =  a.6.  W  /  10  000  6.W /100  W  1*34  W 

W  lbs.  per  kWh  =  a.6.W/  13  400  6.W  /  134  0*746  W  W 


The  value  of  a  for  good  steam  engines  is  from  75  to  85  °/D 
for  condensing  engines  (§  166) ;  80  %  would  be  a  reasonable 
average.  The  corresponding  figure  for  Diesel  engines  is  lower ; 

O.AA 
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it  may  be  84  or  85  °/Q  so  far  as  concerns  the  motor  itself,  but, 
allowing  for  power  required  to  drive  the  air  compressor,  the  net 
B.H.P.  averages  from  70-77  °/0  of  the  I.H.P.  in  high-  and  low- 
speed  four-cycle  engines  respectively,  and  from  67-J-71  °/o  in 
high-  and  low-speed  two-cycle  engines.  The  term  indicated 
horse-power  has  no  meaning  in  connection  with  a  steam  turbine, 
and  the  nearest  approach  we  can  make  to  a  factor  corresponding 
to  a  above  is  to  say  that  the  mechanical  output  of  a  turbine  is 
from  70-75  0/o  of  the  mechanical  equivalent  of  the  heat  drop 
(as  reckoned  according  to  the  equation  for  adiabatic  expansion). 
Suitable  averages  for  the  generator  efficiency  b  are  94  °/Q  in  large 
machines,  90  %  in  100  kW  machines,  and  85  %  10  kW 

generators. 

Fuel  consumption  data  relating  to  steam  engines  and  turbines, 
and  based  on  considerations  of  thermal  efficiency,  are  included  in 
Table  15,  but  these  figures  must  not  be  converted  to  steam  con¬ 
sumption  data  simply  by  multiplying  the  (lbs.  of  fuel  per  B.H.P.) 
by  the  (evaporation  per  lb.  of  coal);  see  Table  17,  §  170.  To  do 
this  would  give  an  incorrect  result,  since  the  evaporation  data  in 
Table  17  are  referred  to  212°  F.  The  heat  required  to  evaporate 
1  lb.  of  water  from  and  at  382°  F.  (the  temperature  corresponding 
to  200  lbs.  absolute  steam  pressure)  is  12-£  °/0  less  than  is  required 
to  evaporate  the  same  weight  at  212°  F. ;  where  steam  is  super¬ 
heated,  the  heat  required  for  the  latter  purpose  compensates  to 
some  extent  the  decrease  in  latent  heat  of  evaporation,  with  rising 
temperature.  Due  to  the  varying  heat  content  of  1  lb.  of  steam 
under  different  conditions,  statement  of  the  steam  consumption  of 
an  engine  gives  no  definite  measure  of  the  thermal  efficiency  of 
the  latter  unless  the  steam  conditions  be  specified  fully.  It  is 
much  better  to  state  the  heat  consumption  per  I.H.P. -min.  or  per 
B.H.P.-min.  Theoretically  I.H.P.  -  min.  =  33  000  /  778  =  42*4 
B.Th.U.  If  the  actual  heat  consumption  (measured  at  the  stop 
valve)  be  h  B.Th.U.  per  B.H.P.-min.,  the  thermal  efficiency  of  the 
engine  is  4  240  /  h  °jQ.  ( See  also  §  191.) 

168.  Fuels  for  Steam  Boilers. — By  far  the  greatest  part  of 
the  electrical  energy  produced  in  Great  Britain  is  derived  from 
the  combustion  of  coal,  sometimes  with  the  admixture  of  coke 
(§  165).  Generally  these  fuels  are  burned  below  steam  boilers 
but,  in  relatively  small  installations,  they  can  be  used  to  advantage 
in  gas  producers  (§§  178,  181). 
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Coal  Purchase  and  Storage. — Coal  is  frequently  purchased  under  a  contract 
which  fixes  a  basic  price  for  coal  of  stated  calorific  value  (say,  12000  B.Th.U.  /  lb.). 
A  proportionate  addition  to  or  deduction  from  the  basic  price  is  made  according  as 
the  actual  calorific  value  exceeds  or  falls  below  the  agreed  standard.  Also  the  basic 
price  may  be  modified  according  to  the  percentage  of  ash,  moisture,  and  smalls  in 
the  delivered  coal.  For  example  it  may  be  agreed  to  pay  2d.  a  ton  extra  for 
every  1  %  by  which  the  ash  content  falls  below  12  °/0 ;  to  deduct  1  °/0  from  the 
chargeable  weight  of  coal  for  every  1  %  by  which  the  moisture  content  exceeds 
10  °/0  i  and  deduct  J  °/0  from  the  chargeable  weight  of  coal  for  every  1  °/0  by 
which  the  percentage  of  ‘  smalls  ’  (passing  through  a  $  in.  mesh)  exceeds  20  %. 

It  is  usual  to  store  not  less  than  one  month’s  supply  of  coal  in  the  immediate 
neighbourhood  of  the  power  station.  This  frequently  involves  the  storage  of  some 
tens  of  thousands  of  tons.  To  reduce  breakage  and  the  risk  of  spontaneous 
ignition,  coal  stacks  should  not  be  higher  than  10  or  12  ft.  Dust,  slack,  and  mix¬ 
tures  of  coals  are  particularly  liable  to  ignition.  Oily  waste  and  similar  material 
should  be  excluded,  and  the  stack  should  not  be  near  hot  pipes,  etc.  Coal  may  be 
stored  satisfactorily  to  a  depth  of  20  or  30  ft.  in  concrete  basins  filled  with  water, 
but  the  wet  coal  should  be  drained  before  use.  However  stored,  coal  gradually 
disintegrates  and  loses  somewhat  in  calorific  value  but  the  deterioration  is  not 
serious  under  reasonable  conditions. 

The  use  of  pulverised  coal — ground  so  finely  that  85  °/0  will 
pass  through  a  screen  with  200  meshes  to  the  inch  and  95  % 
through  a  100-mesh  screen — is  claimed  to  make  possible  the 
efficient  use  of  inferior  material,  and  also  to  permit  the  solid  fuel 
to  be  burned  (like  gas  or  oil  fuel)  with  little  more  than  the  weight 
of  air  theoretically  required  for  the  process.  Boiler  efficiencies  of 
85  %  and  higher  have  been  obtained  during  tests  with  pulverised 
coal,  and  the  latter  is  as  flexible  to  control  as  gas  or  oil.  The  best 
method  of  preventing  atmospheric  pollution  by  ash  and  boiler 
fouling  by  slag,  is  probably  bo  catch  the  ash  and  slag  in  a  sump 
below  a  sudden  turn  in  the  path  of  the  products  of  combustion 
(on  the  principle  of  the  steam  separator).  The  cost  and  risk  of 
drying,  storing,  and  distributing  the  pulverised  fuel  are  reduced 
by  the  use  of  pulverisers  which  grind  the  fuel  at  each  boiler  as  it 
is  required  for  use,  but  there  are  obvious  counter-objections  to 
such  subdivision  of  the  pulverising  plant. 

A  mixture  of  oil  fuel  with  coal  ground  so  finely  as  to  remain 
in  colloidal  suspension  is  claimed  to  be  safer  and  more  economical 
than  either  ingredient  alone. 

Coke ,  when  dry,  consists  of  80-95  %  carbon,  the  remainder 
being  ash  and  1  %  or  so  of  sulphur.  Good  coke  with  only  5  °/0 
moisture  and  10  %  ash  is  worth  about  12  500  B.Th.U.  /  lb.  and  is 
excellent  for  steam  raising.  Unfortunately,  coke  readily  absorbs 
as  much  as  20  °/0  moisture. 
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Lignite  or  brown  coal  is  used  for  steam  raising  in  some 
countries  and  ranges  from  6  000  to  12  000  RTh.U.  /lb.,  an 
average  value  being  7  500  B.Th.U.  /  lb.  Many  attempts  have 
been  made  to  utilise  peat  profitably ;  *  the  principal  difficulty 
is  that  of  drying  the  raw  fuel  economically  (peat  as  dug  may  con¬ 
tain  80  °/o  of  water).  The  calorific  value  of  dry  peat  is  about 
9  000-10  000  B.Th.U.  /  lb. ;  and  of  that  with  25  %  water,  7  000 
B.Th.U. /lb.  It  is  not  necessary  to  dry  the  fuel  so  thoroughly 
for  use  in  a  gas  producer  as  for  burning  below  boilers,  but  it  is 
prohibitively  costly  to  transport  the  bulky,  moist,  and  low-grade 
fuel  for  any  considerable  distance  ;  the  power  plant  must  there¬ 
fore  be  situated  at  or  near  the  peat  deposits. 

Wood,  sawdust ,  cane  trash,  rice  husk  and  other  similar 
materials  may  be  used  profitably  where  available.  Provided  that 
larger  grate  area  is  provided  the  same  steaming  capacity  can  be 
maintained  as  with  coal  notwithstanding  the  low  calorific  value 
of  the  fuel  which  may  be  anything  from  6  000-2  000  B.Th.U  /  lb. 
Town  refuse  varies  greatly  in  composition,  but  is  generally  worth 
from  1  000-2  000  B.Th.U.  /  lb.  and  is  profitably  utilised  in 
many  places. 

Oil  fuel  is  technically  excellent  for  steam  boilers,  but  its  cost 
is  high  and  unstable.  a  Crude  petroleum  has  a  calorific  value  of 
18  000-19  000  B.Th.U.  /  lb.  The  oil  is  atomised  by  a  steam  or 
air  blast  or  by  being  forced  under  pressure  through  suitable 
nozzles ;  the  rate  and  conditions  of  combustion  are  under  im¬ 
mediate  control,  a  very  small  surplus  of  air  is  required  for  com¬ 
plete  combustion,  and  there  is  no  ash  formed.  A  boiler  efficiency 
of  85  °/0  or  higher  can  be  maintained,  and  the  steaming  capacity 
of  a  given  boiler  is  about  15  °/0  higher  with  oil  than  with  coal,  if 
baffles  be  provided  to  act  as  high-temperature  radiating  surface  in 
place  of  the  incandescent  fuel  bed.  As  an  approximate  guide, 
it  seldom  pays  to  use  oil  for  steam  raising  if  its  cost  per  ton  ex¬ 
ceeds  1-J-lf  times  that  of  the  alternative  coal. 

Waste  gases  from  blast  furnaces,  coke  ovens,  and  steel  works 
are  used  successfully  in  many  large  power  plants,  the  gas  being 
fed  to  burners  below  standard  coal-burning  types  of  boilers,  or 
used  in  a  Bonecourt  boiler  (§  170). 

In  selecting  the  fuel  for  use  in  any  power  plant,  security  of 

*  Reports  on  the  subject  are  issued  from  time  to  time  by  H.M.  Stationery 
Office  for  the  Fuel  Research  Board  ;  see  also  El.  Rev.,  Yol.  90,  p.  477. 
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supply  is  a  primary  consideration.  The  eaioritie  value  of  the  fuel 
is  of  less  importance  than  the  cost  pet*  I  000  H.Th.n.  developed 
allowing  for  the  cost  of  furnace  operation  and  laainhamnce  (in¬ 
cluding  ash  removal  i. 

169.  Recovery  of  By-products  from  Coal.  It  \H  ll0w 
generally  realised  that  tin*  tar,  oils,  ammonium  .sulphate,  and 
other  by-produets  which  can  be  recovered  from  **oal  by  a  suitable 
proems  of  distillation  have  a  market  value  comparable  with  the 
cost  of  t»lm  coal  it  sad  f.  Though  m*ot  coal  is  Mill  burned  in  the 
raw  statu  this  process  involves  the  irreparable  loss  of  bv-products 
which  sliould  constitute  a  national  and  which  are  either  of 

no  value,  as  fuel  or  (as  in  the  ca m*  of  hen /.oh  would  he  of  greater 
value,  as  fuel  for  internal  comhuMioii  ♦’Urines  than  as  boiler  fuel. 
Tho  ideal  practice  would  1««  to  subject  all  coal  to  fractional  distil¬ 
lation,  and  to  use  each  product  in  the  application  for  which  it  was 
most  valuable. 

Thrnrotirallv,  al»»*uf  llvMli**.  ••{  »nu iicamim  oUphaVe  in  recoverable  por  ton  of 
coal  cuntuimnr  t*ii  ’  .  rntrogm.  V-omB y»  15;?.%  lb*.  es  r-  mvrrablc  in  high- 
temperature  mkc  >>v»  oh  and  '«»  Bur  " r  »•*  as  plant,  About  (K)  tbn. 

of  tar  it  recoverable,  mol.  >4v,  mo  jo  *  u.  B  J  -  o:  ft.es  i*u4  nearly  t  500  Uw.  of  coke 
arc  product*! !. 

Tablu  lb.  l*<nr<r  (i*n*rtiU**n  aith  <in*l  trithout  liif- Product 

lit  *  t,r*  r*j 


S>  hour . 

T-.Ul 

1 

Bv 

M  By 
Pedu'  1* 

Huuitiiig  !«*r 

B.If.P.dir. 

1  •‘■io!  | tr-t 

ur 

n  n  v 

u  fu* 

hr. 

Net. 

i: 

d. 

d. 

d. 

Coal*  fired  l*r »  and  «  *a* 

d*-Jo)ng 

oiigmcH  , 

Procure  producer*  (non  n  < 

ryi  and  ga* 

7-:*J 

Nil 

(I'M 

in\ 

cngiini'H  . 

Mom!  reeoverv  plunt.  $?••*•. 

rjifpt^ru,  and 

*cjo 

Nil 

0*  1 H 

0-18 

exhaust,  boiler* 

Ordinary  ro  Hvrrv  plant,  »<r' 

huarv >:<*■"  f-t'-'i 

11  i/0 

O-rri 

O'LM 

0*14 

boiler?!,  and  condendng  0 

»  fUO  * , 

p,  OJ 

O’ua#* 

0*17 

0*2.'14 

Self  Htcamiuu  high  recovery  idaM,  h^gh 

oHiejercy  ga!-t  bred  toiler* 
ing  Htcam  engine*  , 

.  (Mel  -  Mj.'P 

?;W*i 

M  1,5% 

0*U>7 

Pri<ss  awl ud«*.«  ra  i-.t  supply  |*rm}sic«»r*  und  to  make  up  for  low 

uUtaitmry  of  ordinary  boiler*  w-Jim  fg*»»-rm*!. 


SOUIK’KS  OF  KNKItOY  AND  l’RIMK  MOVKItS  |  170 


Table  lb  i«  bauerl  on  untimatoH  by  'I*.  It.  WollaHtnn  (F?ir/iwrr,  Vol.  I  HI,  p.  .'It >i\)t 
and  shown  (dearlv  the  economy  of  power  generation  with  by-product,  recovery. 
The  data  relate  to  alternative  Hchuinux  for  producing  l  6(X)  B.H.B.  (ineehanie.al 
power),  working  7  000  hrn.  per  annum  at  an  average  load  of  1  000  H.P.,  i.e.  at 
5S°/0\otu\  factor;  the  costs  given  are  on  a  pre-war  Iwisis,  hut  this  does  not  affect 
the  general  purpose  of  the  comparison. 

For  further  information  the  reader  may  be  referred  to  a  report 
by  Sir  Dugald  Clerk  and  Professors  A.  Smifchells  and  .1.  W.  Cobb 
on  the  Coal  Cas  and  Klertiical  Supply  Industries  of  the  United 
Kingdom,  addressed  to  the  Institution  of  Cas  Engineers  (see  also 
Jour.  /. K.  K ,  Vol.  58,  p.  7(5/5);  and  to  the  publications  of  the 
Fuel  Research  Hoani  (Il.M.  Stationery  Office). 

170.  Steam  Boilers,  —Large  modem  boilers  have  up  to 
60  sq.  ft.  of  heating  surface  per  sq.  ft.  of  grate  area,  and  up  to 
6  or  8  lbs.  of  water  are  evaporated  per  sq.  ft  of  heating  surface 
per  hr.  In  boilers  of  older  design  the  ratio  of  beating  to  grate 
surface  is  from  20  to  80:  1,  and  the  evaporation  only  8-4  lbs. 
per  sq.  ft.  of  heating  surface  jx$r  hr.  (see  also  Table  17).  Values 
for  the  heating  surface  required  in  coal-fired  boilers  pen*  I.H.P.  of 
various  types  of  engines  served  are  as  follows:  Simple,  high- 
pressure,  non-condensing  engines,  7-8  sq.  ft.  ;  compound,  non¬ 
condensing,  5-6  sq.  ft.  ;  compound,  condensing,  4-5  sq.  ft  ;  triple- 
expansion,  non-condensing,  4-5  sq.  ft  ;  triple  expansion,  con¬ 
densing  2£-8  sq.  ft.  ;  turbines,  2-2^  sq.  ft  Tins  weight  of  coal 
burnt  per  sq.  ft  of  grate  surface  per  hr.  depends  primarily  on  the 
draught  employed  ;  the  figures  given  in  Table  17  refer  to  natural 
draught  Using  forced  draught,  100  lbs.  or  more*,  of  coal  can  be 

Tahlk  17 .—Average.  Boiler  Data.. 


Type  of  Boiler. 


Cormnli 
Lancashire  . 

Water-tube,  ordinary  . 

,,  high -power  1 

Bonecourt  (gas-fired)  . 


Heating 
Surface : 
Orate  Area. 


tfvaporatioit 
per  Hq.  Ft. 

Heating 
Surface  tier 
Hour. 


20  to  SO :  1 
20  „  26:  i 
40  r,  00 :  1 
26  „  HO :  i 
No  grafco 


lbs. 

3  to  4 

4  „  a 
H  n  44 

16  ,,  36 


Coal  tier 
Hfj.  Ft. 
Orate  per 
Hour. 


lb«. 

16 

16  to  20 
16  „  26 
26 


I  Water 
|  Kvajiorated 
i  per  till,  of 
|  Coal  Burned. 


lb«. 

74 

74  to  H 

4  „  «4 
n  „  10 


*  I.e.  specially  compact  boilers  with  high  steaming  capacity ;  every  provision 
made  to  secure  brisk  circulation  and  rapid  heat  transference. 
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burned  per  s<j.  ft.  of  grate  per  hr.,  but  25-80  lbs.  rc.pm 
the  nmxinmin  for  central  station  practice/  and  1  **>-20  11 
usual  value. 

Water-tube  boilers,  which  are  at  present  the  stand* 
incut,  for  steam  raising  in  large  stations— especially  the 
&  Wilcox  and  the  Stirling  tyj>«»K— evaporate  up  to  1( 
150  0(H)  lbs.  of  water  per  hr.  (1 50  000-200  000  lbs. /hr. 
periods),  the  steam  pressure  being  up  to  550  lbs. /sq, 
the  total  steam  temperature  fincluding  superheat}  up  t 
Several  such  boilers  may  be  required  to  feed  a  single 
Particulars  of  very  high  jniwer,  waf-er-tulie  boiler  pmctii 
be  found  in  the  El.  Itn\,  Yol.  75,  p.  200. 

Under  ordinary  conditions  and  with  good  coal,  a 
8A  lbs.  of  water  can  be  evaporated  (from  ami  at  212'  l* 
of  coal  burnt  in  modern  boilers,  rising  to  0  or  10  lbs, 
efficiency  plant  skilfully  operated.  Coal  of  calorific 
18  500  B.Th.lJ.  ]K*r  lb.  would  evaporate  about  14  ll*s. 
from  and  at  212  '  K.f  were  it  possible  to  use  all  the  beat 
coal.  Actually,  tie*  thermal  efficiency  of  a  coal-fired  Unit 
siderably  below  100  .  The  printer  basis  of  comparison 

different  lioilcr  installations  is  the  overall  efficiency  o 
superheater,  and  economiser.  With  a  clean  lioiler  and  << 
the  overall  efficiency  of  boiler,  superheater,  and  economi 
be  85  7,.»  but  the  distribution  of  t fu*.  heat  derived  from  th 
generally  within  the  following  limits  :  In  ImilerfjK  /.,  huj: 
0  "/(),  and  economiser  8  /  f/.r.  75  7  of  the  heat  is  deliver*: 
steam,  falling  to  55  or  00  *7  in  inefficient  installations  f) 
ilue  gases  15  ,iju  (sometimes  80  /  ),  by  radiation  5  7  (ofler 
and  by  moisture,  nnburnt  residue,  eta,  5  (total  loss  25  *j 
to  40  7„  nr  more  in  inefficient  installations).  Sumo  of  i 
temperature  heat  in  the  gases  leaving  the  economiser  may 
to  pre-heat  the  air  for  the  furnace  to,  say,  105  P.,  the  tcm| 
of  the  gases  leaving  the  pro- heater  being  then  afxmt  800 

The  Bonecourt  boiler  with  feed  heater  attains  an 
efficiency  of  B0-92A  7f/  This  boih*r  is  of  the  fire4ul*e  fcy] 
refractory  hrick  or  twisted  iron  filling  inside  the  tubes. 

*Th«ho»t  f{*rvelo|Ntd  pur  hr.  pernq,  ft,  of  ar«a  i*  thirn  abmil 

B.Th.U.  using  coal  worth  H  700  B.Th.U.  /  lb. 

f  See  ‘  Average  Figurus  for  the  Performance  of  Different  Typm  < 
Boilers/  by  I).  Brownlie,  Engineering,  Dec,  10  and  17,  1020, 
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or  gaseous  fuel  or  waste  heat  from  furnaces,  gas  engines,  etc.,  is 
used  ;  with  liquid  or  gaseous  fuel  combustion  proceeds  fiamelessly, 
and  in  all  cases  the  gases  in  the  tubes  impinge  again  and  again 
on  the  heating  surface,  the  filling  material  in  the  tubes  meanwhile 
giving  out  a  high  percentage  of  radiant  heat.  Only  5  or  10  %  °f 
excess  air  is  required  for  perfect  combustion,  and  the  evaporation 
is  from  15-35  lbs.  /  sq.  ft.  of  heating  surface  /  hr.,  from  and  at 
212°  F.  (Table  17).  A  Bonecourt  boiler  (>  ft.  dia.  x  1 8A  fit.  long  is 
capable  of  delivering  20  000  lbs.  of  steam  per  hr.* 

171.  Boiler  Room  Efficiency. — The  minimum  equipment 
and  procedure  required  to  determine  and  maintain  efficiency  in 
the  boiler  room  is  as  follows  :  Coal-weighing  apparatus  and 
periodic  determinations  of  the  calorific  value  of  the  coal  are  re¬ 
quired  to  make  possible  calculation  of  the  heat  input.  Steam 
meters  record  the  quantity,  and  pressure  gauges  and  thermometers 
show  the  condition  of  the  steam  delivered ;  thence  the  thermal 
output  of  the  boiler  can  be  determined  by  reference  to  steam 
tables.  For  the  complete  control  of  the  conditions  of  combustion, 
and  to  detect  air  leakage  through  the  boiler  setting,  irregular  fire 
bed,  etc.,  manometers  and  thermometers  (both  distant-indicating) 
are  required  at  various  points  in  the  path  of  the  air  and  flue  gases. 
Thermometers  should  be  placed  also  inside  the  inlet  and  outlet  of 
the  superheater  and  economiser. 

Flue  gas  analysis  is  an  excellent  guide  to  the  conditions  of 
combustion  and  should  preferably  be  effected  by  an  automatic 
recording  apparatus  which  determines  both  the  carbon  dioxide  and 
the  oxygen  in  the  gases.  The  ideal  percentage  of  carbon  dioxide 
in  flue  gases  from  a  boiler  burning  average  English  coal  is  18- 
19  % ;  the  actual  percentage  under  good  conditions  ami  steady 
high  load  is  12-14%,  but  the  average  during  24  hrs.  is  rarely 
over  10  %,  and  is  often  8  %>  6  %»  or  *eH8'  The  theoretical  per¬ 
centage  of  carbon  dioxide  should  be  approached  very  closely  where 
oil  or  gas  fuel  is  employed. 

It  is  very  important  that  the  steam  pipes,  etc.,  be  adequately 
lagged  with  heat  insulating  material ;  the  loss  by  radiation  should 
then  be  about  \  or  J-  B.Th.U.  /  sq.  ft.  /  hr.  /  L°  F.  temperature 
difference  between  the  steam  and  the  surrounding  atmosphere 

*  See  also  ‘  Becenfc  Development  in  Gas-Firing  Si 
Proc.  S.  Wales  Imt.  Eng.,  Vol.  80,  p.  279. 
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(compared  with  8  or  4  B.Th.H.  in  the  ense  oi  hare  pipe).  Inferior 
lagging  may  be  worse  than  uhcIoss  in  that  it.  simply  increases  the 
radiating  surfaces 

The  efficiency  of  a  boiler  plant  is  improved  materially  by  the 
use  of  feed  water  which  does  not  form  scale.  In  condensing  in¬ 
stallations  a  relatively  small  amount  «»f  make-up  feedwater  is 
required,  and  if  this  be.  subjected  to  preliminary  distillation  in  a 
steam-heated  (evaporator  no  scale-making  material  is  earned  into 
the  boilers.  Tint  steam  and  water  circuits  ran  he  arranged  so 
that  the  net  expenditure  of  heat  involved  by  the  preliminary 
evaporation  is  very  small.  The  lend  water  should  nowhere  be 
exposed  to  air  because  air  in  solution  promotes  corrosion  of  the 
boilers.  The  testing  of  hted  water  by  its  electrical  conductivity 
is  mentioned  in  jj  lib. 

172.  Reciprocating  Steam  Engines.  The  advantages  of 
reciprocating  steam  engines  compared  with  other  prime  movers 
whore  the  output  required  iN  less  than,  say,  I  000  k  W  are.  discussed 
in  §  189.  The  steam  consumption  of  these  engines  varies  over 
a  wide  range.  Non-condensing  simple  engines  may  consume  from 
45-60  lbs.  steam  per  B.H.P.-hr.  in  small  sizes  and  28-83  lbs. 
in  100  H.P.  or  larger  units.  The  same  engines  worked  condensing 
will  consume,  roughly*  25  "/  less  steam  or,  say,  35-40  lbs.  per 
B.H.P.-hr.  in  small  sizes  and  20-25  lbs.  in  larger  engines. 
Compound,  condensing  engines  may  consume  as  much  as  20- 
25  lbs.  steam  per  B.H.P.-hr.,  but  15-17  lbs.  is  a  satisfactory 
range  where,  engines  of  200-500  H.P.  are  eoneerned.  In  high- 
class  triple-expansion  engines,  operating  under  favourable  circum¬ 
stances,  the  steam  consumption  is  reduced  to  12-14  lbs.  per 
B.H.P.-hr.  Sulzer  and  Allis  triple-oxjwinsion  engines,  represent¬ 
ing  the  best  practice  of  the.  Continent  and  the  l  unfed  States,  have 
a  consumption  varying  from  IIA-12J  ll*s  p*r  I.H.  P.-hr.,  and 
exceptional  results  as  low  as  10  lbs.  jmr  l.H.  P.  -hr.  (say,  I0£  lb& 
per  B.H.P.-hr.)  have  been  reached.  At  loads  above  or  below 
normal  full  load,  these  consumption  figures  are  exceeded,  usually 
by  not  more  than  5  "/*  at  1 |  and  j-full  load,  but  by  15-20  "/0  or 
more  at  4-load.  In  *  uni  flow  *  tviujintx  the  exhaust  jairt  is  at  the 
middle  of  the  cylinder,  and  is  ojnmed  and  dosed  by  the  piston 
moving  over  it;  by  eliminating  the  passage  of  live  steam  over 
surfaces  cooled  by  exhaust  steam,  this  arrangement  reduces  con¬ 
densation  losses  and  improves  efficiency,  A  certain  400  H.P. 

anti 
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The  distinctive  features  an?  the  total  enclosure  of  working  parts,  and  tin?  uso 
of  forced  lubrication  on  the  arterial  principle.  Oil  is  circulated  automatically  to 
all  the  hearings  by  a  pump  discharging  at  10-20  lbs.  /  sq.  in.  (inventing  is  by 
throttle  tit,  light,  loads,  by  variable  expansion  at  heavy  loads,  and  by  a  combination 
of  these  methods  at  intermediate  loads.  Two-e  tun  k  coin  pound  and  non-compound 
engines  are  supplied  for  maximum  outputs  from  OH  Ihll.P.  at  050  r.p.m.  to  720 
B.P.IL  at  ”>00  r.p.m.  The  non-compound  engines  are  for  steam  pressures  of  H0-00 
lbs.  /  sq.  in.,  and  a  pressure  of  1-10-150  lbs.  is  recommended  for  the  compound 
engines.  Triple-expansion  engines  are  supplied  for  outputs  from  200  P.II.P.  at 
500/  550  r.p.m.  to  2  500  B.P.H.  at  1K7.4  /  200  r.p.m.,  and  a  steam  pressure  of 
170-200  lbs.  /  sq.  in.  is  recommended.  Whore  the  steam  pressure  is  sufficient  and 
the  engine  is  to  operate  condensing,  the  triple-expansion  types  is  best,,  but  the  com¬ 
pound  type  is  often  preferable  for  non-condensing  or  for  working  against  a  back 
pressure.  The  weight  of  the  compound  and  triple-expansion  engines  respectively 
is  roughly  "  cwt.  and  ;*  cwt.  per  B.II. P. ;  or  1  cwt.  and  ewfcs.  per  I ». I I.P.,  includ¬ 
ing  D.C.  generator  and  bed  plate. 
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simple,  condensing  engine  of  this  type  consumed  about  12  lbs. 
steam  per  B.H.P.-hr.* 

The  advantage  of  superheating  steam  for  use  in  reciprocating 
engines  is  theoretically  very  small  but  is  actually  very  great; 
there  is  a  small  increase  in  the  theoretical  efficiency  of  the  cycle 
where  superheated  steam  is  used,  but  the  great  advantage  lies  in 
the  more  or  less  complete  elimination  of  cylinder  condensation. 
In  typical  cases  from  10  to  25  °/e  reduction  in  coal  consumption 
is  effected  by  the  use  of  superheated  steam  in  reciprocating 
engines  (see  also  §  174). 

The  enormous  increase  in  specific  volume  of  steam  at  low 
pressures  makes  it  difficult  to  utilise  high  vacua  as  effectively  in 
reciprocating  engines  as  in  turbines. 

In  Germany,  W.  Schmidt  lias  experimented  for  many  years 
with  the  use  of  pressures  up  to  000  lbs.  /  sq.  in.  in  reciprocating 
engines  (Science  A  hs tracts,  Vol.  25,  p.  2).  The  steam  is  superheated 
between  the  high  and  low-pressure  cylinders,  and  it  is  claimed 
that  the  heat  consumption  is  as  low  as  14(5  B.Th.U.  /  B.M.P.-min., 
corresponding  to  20  °/0  thermal  efficiency.  Ordinary  compound 
condensing  engines  using  steam  at  120-180  lbs.  /  sq.  in.,  super¬ 
heated  to  250°  G,  commonly  require  200-250  B.Th.  U.  /  I.H.P.-min. 
or,  say,  250-300  B.Th.U.  /  B.H.P.-min.  It  is  claimed  that  the 
high-pressure  engines  consume  20  °/0  less  heat  thaxi  turbines  using 
steam  at  225  lbs.  /  sq.  in.  Also,  the  high-pressure  engine  is  par¬ 
ticularly  suitable  for  operating  with  high  back-pressure,  the  ex¬ 
haust  steam  being  utilised  for  heating  purposes  (§  188). 

173.  Steam  Turbines. — Steam  turbines  have  no  marked 
advantage  over  reciprocating  engines  in  point  of  steam  economy 
until  quite  large  units  are  concerned.  In  xirxits  exceeding 
1  000  kW  the  turbine  effects  great  saving  in  capital  cost  and 
space  occupied,  and  its  higher  steam  efficiency  (though  little 
superior  to  that  of  the  best  reciprocating  engines)  represents  a 
large  saving  per  annum.  The  most  efficient  steam  turbines  have 
26-28  °/«  thermal  efficiency,  which  is  higher  than  that  of  gas 
engines,  and  is  only  exceeded  by  that  of  Diesel-type  engines. 
The  latter  have  not  the  compactness  and  simplicity  of  the  steam 
turbine,  and  cannot  yet  be  built  in  such  powerful  units  (§  179). 

*  For  further  information  on  reciprocating  Bteain  engines  tho  reader  may  bo 
referred  to  a  chapter  on  the  nubjeot,  by  one  of  tho  author#  (Mr.  Neale),  in 
Whittaker’s  Mechanical  Engineer's  Pocket  Book  (3rd  edition). 
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From  the  facts  stated  in  §  17  4  it  will  !»■  clear  ,„MUlj 
versally  applicable  data  can  )»•  ofiven  eoneernine  t !*«•  steam 
mmption  of  turbines.  Alsu  it  will  I «•  dear  that  n«*t Iiin<r  i,,HS 
than  an  accurate  statement,  supplemented  by  }'„ll  particulars 
concerning  working  conditions,  is  sutlicient  in  practical  wnrkir 
At  the  same  time,  it.  is  useful  k  m  >\v  that  under  average  work"  * 
conditions*  the  steam  consumption  <>f  a  Alio  k W  t url din*  net 
taken  as  Hi-1!)  lhs.  per  kWh;  ■»!'  a  I  ooo  kW  machine  ‘J \r 
16  lhs.  per  kWh  ;  of  a  2  OOO  A  000  kW  machine,  as  | :t i - 1 
per  k^Vh ;  and  nl  10  00(0, to  ooo  k  U  machines,  as  10-IJ  jj^ 
pel*  kWh.  At  .{-load  the  steam  consumption  per  kWh  is  from 
1/5-20  7„  tCi'eate.r.  Kshaust  steam  turhims.  utilising  Ht(,jUn  ft“ 
or  near  atmospheric  pressure,  usually  consume  between  HO  and 
40  lbs.  per  kWh.  (liven  the  steam  consumption  j  kWh  of  a 
turbine  at  two  loads,  say  full  load  ami  J  load,  the  consumption  at 
any  other  load  nr  at  un  load  can  )*•  predicted  accurately  enoud, 
for  practical  purposes,  by  applying  tin-  Wilkins'  straight -line  law- 
the  known  consumptions  arc  plotted  against  the  values  of  load  to 
which  they  corrcsj Kind,  ami  a  straight  line  is  drawn  flimtmli  the 
two  jHiints  thus  obtained.  The  consumption  at  any  other  load 
can  he  read  at  once  from  the  line  drawn.  This  method  is  „ot ran- 
plicabie  to  mixed -pressure  Utt  him-s,  swine  to  the  us..  ,,f  different 
proportions  of  ‘live*  and  exhaust'  strata  at  ditll.rent  loads’ 
Mixed -pressure  turbines,  which  normally  of.. -rate  part  ‘live : 

and  part  ‘exhaust'  steam,  lone  about  the  same  consumption  as 
U£h  pressure  or  exhaust  turbines  respectively  wh-n  o, itm  on 
live  or  (‘xfiaunf,  .strain  a \nw>  h 

Turbo-alternators  of  20  OOO.'it,  (too  kW  rapacity  have  1*. 

ldO(>an,kVA(’°",,,m,,J,l;‘ . wp  to 

K>()  000  k  \  A  capacity  have  h-  n  .liseuwd  seriously.* 

. . .  »  »■..  .... Z  fTm. 

011  f’lotl(i  "‘W’' Hi  f  a  )\r*.  /  n  m  *Up*  F 

7.T/ r; ;  -  “•/ -y»“ 
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turbines.  Each  of  the  three  elements  drives  a  20  000  kW,  25-cycle  alternator  at 
1  500  r.p.m.,  and  the  total  output  available  is  70  000  kW  for  2  hrs.,  or  90  000  kW 
for  J  hr.  The  low-pressure  turbines  work  with  29  in. -vacuum  (30  in. -barometer) 
and  the  steam  consumption  on  rated  load  is  11  lbs.  /  kWh,  corresponding  to 
about  25  °/0  thermal  efficiency.  For  output  below  25  000  kW  it  is  more  econorhical 
to  use  the  high-pressure  turbine  with  only  one  low-pressure  turbine. 

The  use  of  generating  units  exceeding,  say,  10  000  kVA  rating 
is  limited  to  very  large  cities,  where  the  load  permits  of  practically 
continuous  operation  at  high  steam  efficiency.  The  actual  amount 
of  labour  required  to  operate  such  turbines  is  small,  but  it  must 
be  highly  skilled,  for  obvious  reasons.  A  serious  consideration  is 
the  enormous  loss  of  generator  capacity  on  the  system  in  the 
event  of  break-down  in  such  a  unit  (see  also  §  145). 

174.  Effect  of  Steam  Conditions  on  Turbine  Efficiency. 
— The  maximum  total  temperature  (including  superheat)  of  steam 
for  use -in  power  plants  is  limited  to  700°-750°  F.  ;  above  this 
temperature  the  mechanical  strength  of  steel  is  reduced  danger¬ 
ously,  and  cast  iron  cannot  safely  be  used  for  fittings  or  casings 
exposed  to  this  temperature.  The  use  of  copper  for  steam  pipes 
(as  at  bends)  is  dangerous  at  much  lower  temperatures.  A  total 
temperature  of,  say,  700°  F.  may  be  reached  by  using  low  pressure 
and  high  superheat,  or  high  pressure  and  low  superheat ;  the 
advantages  of  higher  pressure  are  increased  available  heat  drop 
(§  166),  and  the  smaller  size  of  pipes  required  for  the  denser 
steam.  The  steam  consumption  of  a  turbine  decreases  about 
0T  °/o  per  1  lb.  /  sq.  in.  pressure  increase  above,  say,  150 
lbs.  /  sq.  in.  Steam  pressures  of  300-350  lbs.  /  sq.  in.  are  now 
used  in  many  stations,  and  400-500  lbs.  /  sq.  in.  will  probably 
be  used  in  the  immediate  future  (see  note  on  p.  273). 

The  reduction  in  steam  consumption  of  turbines  due  to  10°  F. 
additional  superheat  is  about  1  °/G  up  to  100°  F.  superheat, 
0-83  %  between  100°  and  200°  F.,  and  0*72  °/0  between  200  and 
300°  F.  superheat.  The  limiting  steam  temperature  (700°-750°  F. ) 
dictated  by  the  strength  of  materials  is  already  used  extensively. 

Turbines  are  extremely  sensitive  to  vacuum,  as  shown  by 
Table  18  (based  on  data  due  to  G.  Gerald  Stoney,  Inst  Mech. 
Engrs .,  November  20,  1914).  Practically  the  same  savings  as 
shown  in  col.  2  are  obtainable  with  dry  saturated  steam  as  with 
superheated  steam.  With  28-28^-in.  vacuum,  the  percentage 
saving  in  consumption  would  be  increased  (above  the  value  given 
in  Table  18)  by  about  1  %  at  £-load  and  about  2\  %  at  J-load, 
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Table  18. — Effect,  of  Vacuum  on  Turbine  l< fir  i  nicy. 
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using  throttle  governing  ;  but,  would  remain  about,  tin*  name  at 
all  loads,  using  nozzle  governing.  It  is  not  possible  to  realise  the 
full  savings  indicated  above,  particularly  at  very  high  vacua, f 
owing  to  terminal  losses  in  the  blading;  nevertheless,  there  are 
few  cases  in  which  it  does  not  pay  to  maintain  the  highest  vacuum 
of  which  the  equipment  used  is  capable.  Kxhaust  passages  should 
be  proportioned  and  shaped  to  give  minimum  loss  of  vacuum, 
and  there  should  be  minimum  difference  in  vacuum  between 
steam  and  air-pump  connections  to  t  he  condenser.  A  vacuum  of 
28  ins.  (barometer  80  ins. )  may  be  taken  us  a  satisfactory  standard 
value  for  high-pressure  turbo-sets,  and  of  27  ,J  ins.  for  exhaust  tur¬ 
bines  operating  on  steam  at  or  near  atmospheric  pressure.  Increas¬ 
ing  the  vacuum  from  28  to  20  ins.  practically  doubles  the  volume  per 
lb.  of  steam,  and  introduces  evacuation  and  condensing  problems 
of  a  mechanical  nature  which  more  or  loss  completely  offset  the 
advantage  derived  from  the  greater  available  heat  drop.* 

175.  Steam  Condensers  and  Auxiliaries.  The  exhaust 
steam  from  engines  or  turbines  may  he  condensed  in  various 
ways : — 

*  Note. . The; so  aro  porernttAgo  gain.*  per  mth  «4  varnum  ;  the  Actual  gain 

bofcwoon  28  and  2HJ  in.  vacuum  in  (  r*jtt  (or  Sj  ,,fr),  and  h*»  *m. 

+  Nearly  tho  full  tlionrnLiral  gain  in  obtainable  bctwwtii  20. in.  and  27-in. 
vacuum,  but  only  50-00  uju  of  tb«  thcorntiral  botwntm  2H  inn.  and  20  ins. 

£  A  valuable  paper  is  *  Chuiae  of  Steam  UondiUonn  m  Modern  fewer  Stations,’ 
by  L.  0.  Kemp,  Mtedrkian,  June  SO,  1022. 
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(1)  In  a  jet  condenser ,  it  is  mixed  with  jets  of  water.  From 
20-30  lbs.  of  water  is  required  per  lb.  of  steam  condensed.  If 
space  be  particularly  valuable  the  water  jet  and  exhaust  steam 
may  mix  in  a  small  chamber  at  the  top  of  a  pipe  down  which 
flows  the  mixture  of  condensing  water  and  condensed  steam ;  this 
form  is  called  the  barometric  condenser ,  because  the  height  of  the 
downtake  pipe  must  exceed*  the  height  of  the  water  barometer 
(about  34  ft.),  to  which  height  water  from  the  hot  well  is  driven 
by  atmospheric  pressure  when  a  vacuum  is  maintained  in  the 
condensing  chamber. 

(2)  In  an  atmospheric  or  evaporative  condenser ,  the  exhaust 
steam  passes  through  nests  of  tubes  over  which  water  trickles. 
Alternatively,  the  nest  of  tubes  may  be  in  the  form  of  a  hollow 
cylinder  which  is  rotated  about  its  axis,  dipping  meanwhile  in  a 
trough  of  water  so  that  the  outside  of  the  tubes  is  covered  by  a 
film  of  water.  Whereas  the  condensing  water  in  jet  and  surface 
condensers  is  heated  50°  F.  or  less,  so  that  each  pound  of  con¬ 
densing  water  removes  not  more  than  50  B.Th.U.,  the  cooling 
water  of  an  atmospheric  condenser  is  evaporated  and  each  pound 
removes  about  1  000  B.Th.U.  The  atmospheric  condenser  re¬ 
quires  only  about  1-1-i-  lb.  of  water  per  lb.  of  steam  condensed 
and  is  thus  particularly  valuable  where  water  is  scarce ;  the  water 
used  is,  however,  entirely  lost.  A  natural  or  artificial  current  of 
air  is  required  to  carry  away  the  water  vapour,  and  in  the  saturated 
air  (often  90  to  95  'jQ  humidity)  of  some  tropical  countries  the 
type  is  almost  useless,  since  very  little  evaporation  is  possible. 

(3)  In  a  surface  condenser  cold  water  is  circulated  through 
tubes  over  which  passes  the  exhaust  steam.  From  50-70  lbs.  of 
condensing  water  is  required  per  l  b.  of  steam  condensed. 

Atmospheric  and  surface  condensers  are  more  costly  than  jet 
condensers  to  build  and  maintain,  but  the  condensate  is  not  con¬ 
taminated  by  the  circulating  water,  the  condensate  is  at  higher 
temperature  than  that  from  a  jet  condenser,  and  all  the  condensate 
is  used  as  boiler  feed,  hence  there  is  minimum  loss  of  heat  from 
the  steam  circuit. 

The  large  volume  of  circulating  water  required  by  a  surface 
condenser  cannot  economically  be  treated  to  correct  any  corrosive 
properties  which  it  may  possess.  This  water  is  generally  drawn 
from  a  river  or  canal  through  mechanical  strainers,  preferably 
of  the  self-cleansing  type.  The  flow  through  the  adits  may  be 
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reversed  periodically  to  remove  deposits  of  silt.  'Fie*  con 
tubes  should  bo  made  of  an  alloy  which  is  not,  attacked 
water  used.  Condensers  in  which  the  tubes  an*  not  long*: 
twice  the  diameter  of  the  tube  plates  are  more  costly  thu 
densers  of  smaller  diameter  with  longer  tubes,  but.  the 
diameter  design  n*sult,s  in  higher  vacuum.  Maximum  vac 
required  at  the  turbine  end  of  the  exhaust  passages,  not  1 
at  the  centre  of  the  condenser. 

If  the  supply  of  circulating  wafer  is  limited,  tin*  water  I 
a  surface  condenser  may  be  cooled  for  use  again  by  allowin 
flow  down  brushwood,  laths,  etc.,  in  a  cooling  tower,  up 
air  is  blown  by  fans.  Roughly  I  000  B.Tli.I*.  per  lb.  of 
consumed  by  the  engine  or  turbine  (or,  say,  half  the  cj 
value  of  the  coal  burned  below  the  boilers  )  has  to  be  carried 
by  the  air  in  the  cooling  tower.  In  climates  where  hiitsii* 
high,  the  saturation  of  the.  air  makes  it  <Jitlicult  to  rool  th 
densing  water  to  a  temperature  making  possible  the  mainti 
of  high  vacuum. 

Air  from  tin*,  feed  water  or  leaking  in  to  the  steam  cin 
any  point  must  be  removed  from  t  he  coin  leaser  by  an  air 
The  steam-jet  ejector  pump  is  simple  and  effective  fu 
purpose ;  the  steam  consumed  equals  about.  I  ,  of  the  eonniui 
of  the  engine  or  turbine,  but  practically  tin*  whole  of  the  h 
the  steam  jet  passes  to  the  '  hot  well/  i.r.  t  he  tank  in  which 
condensate  is  collected  for  use  as  boiler  feed,  sit  that  tie 
is  utilised  in  the  warm  water. 


In  order  to  allow  for  occasional  air  leaks  m  mtUp-*'  condenser  « 
provision  should  be  made  for  the  air  pump'  to  deal  with  ni  FasT.  J*’l  lb 
1  000  lbs.  steam  in  inoderateHized  plane*,  and  lor  1  lb.  $**r  1  M*  hi  large 
It  is  well  to  arrange  for  I  h«j.  fl.  of  eonden  »ing  ?iurfa*>*  f<*r  *-**>  i  v  h  {hi 
of  steam  to  be  condensed  ;  k»**1i  a  eondennor  will  rui*  a  >  *m »ud*'fatde  nine  i 
cleaning  and  without  much  Ion*  of  vacuum,  ho  that  it  »  o-J.  b*  w*d!  nnoi«<  i 
modern  air  pumps,  eondeniiition  of  7  10  lb%  per  wp  ft.  p<  r  hour  i<*  p 
evonwithhighvae.ua.  Ah  a  standard  lor  tenting,  a  eondmeer  with  1  at}. 
7  lbs.  of  steam  and  a  water  vr badly  of  S  ft.  j*rr  hot.  m  the  lob#  should 
init  (S  days  after  tube  brushing)  not  leas  than  4b0  H  Th.th  j *er  **j,  ft  of  i 
per  hr.  per  V  K,  difference  in  temperature  betw«se**  at  ami 

water  temperature.  A  difference  of  1  !•*.  in  the  tani|««rrature  of  cm nhng  water 
about  0*8  %  difference  in  turbine  steam  eoiiHiirnptioii  (or,  myt  it  tun »  apital 
w 8  174) ;  hence  it  is  a  mistake  to  cut  down  the  height  of  a  «-ooltng  tower,  *m 
the  amount  and  efficacy  of  cooling  chiefly  depend  (*/v  Se|v* ;v,  J**nrmtt  i 
Vol.  5H,  p.  114). 


Jiruah  /Herfrirnf  I'Jtuji torn’ ntj  <!o.t  I  Ad. 


jjrNfisTitoM  Tuitno  Ai.tmunatou  ;  M  000  i(\V  at  i)  000  u.u.m. 

There  are  no  fixed  guide  blades  in  (.he  I .jungstrom  turbine.  Two  sets  of  blading 
are  carried  in  concentric,  rings  on  1.1  ic  faces  of  two  discs  which  run  in  opposite  direc¬ 
tions.  Each  disc,  is  overhung  on  the  shaft  of  an  alternator,  and  Uni  discs  can  bo 
removed  without,  disturbing  tin*  generators.  The.  two  alternators  arc.  in  parallel  and 
synchronise  automatically  whilst  running  up  to  speed.  Steam  enters  at  the  centre 
and  flows  radially  outwards  to  an  exhaust  chamber  bolted  directly  to  the  condenser. 
The  turbine  is  of  the  reaction  type  and,  as  the  relative  speed  of  the  blades  is  twice  the 
actual  speed,  very  high  efficiency  is  obtained.  The  number  of  rows  of  blades  is  one- 
fourth  that  of  an  ordinary  reaction  turbine.  A  b  000  kW,  0  000  r.p.m.  set  using 
steam  at  1GG  lbs.  /  s<j.  in.,  (>0*2  '  IA,  with  2K*0  ins.  vacuum,  consumes  lbs.  steam 
/  kWh  at  full  load. 


[ To  fare  p.  202. 
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This  sot  combines  a, II  the  control  afh.i«l»*»l  by  the  11  un)  accumulator 
board  with  electric  starting  and  automatic  stopping.  A  •  ric  field  windiii! 
when  the  dynamo  is  run  from  the  cells  ns  a  motor  t»»  start  I  In- engine  ;  and 
field  winding  is  used  during  normal  service.  Automata-  i s  offern 

ampere-hour  meter  with  a.  bias  on  the  ‘charge’  side,  corn  •  .p« aiding  to  the 
hour  efficiency  of  the  battery.  The  engine  will  run  on  petrol,  benzol,  ah-oled, 
gas,  and  can  bo  used  as  an  independent  unit.  Standard  size  range  from  1  t 
and  from  25  to  140  V. 
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l:nhrl/ti  f'K,  U*l. 

CuuDH-Ou,  Kn<uni.  I  Conu.un  to  a  Dynamo. 

The  engine  illustrat'd  ojiemt.es  on  the  t  wo -stroke  cycle  (om*  working  st  roke  pier 
cylinder  per  revolution  of  the  erank.dia.fi  j.  Ain  kind  of  male  or  refined  oil  ran  he 
used,  the  engine  can  be  started  quickly  and  easily,  and  no  wntrr  injection  is  required. 
Outputs  up  to  1(X)  I  >.  1 1. 1 A  are  obtainable  from  single,  and  twin -cylinder  engines,  and 
up  to  300  B.H.r.  from  multi-cylinder  engine.',  of  thi  ,  K pe. 
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The  circulating  and  condensate  pumps,  and  the  air  pump  (if 
not  of  the  steam-jet  type)  may  be  driven  electrically  or  by  steam. 
The  cost  of  duplicate  equipment  is  generally  justifiable  on  the 
ground  of  reliability.  If  the  auxiliaries  are  supplied  solely  from 
the  main  bus  bars  they  may  be  incapacitated  by  an  electrical 
break-down.  Frequently  a  relatively  small  ‘  house  turbine  ’  is 
used  to  drive  a  generator  providing  current  for  station  lighting 
and  the  driving  of  auxiliaries.  The  principal  considerations  are  : 

(1)  There  should  be  minimum  risk  of  the  main  generators  being 
placed  out  of  action  by  any  failure  in  the  auxiliary  services. 

(2)  As  much  as  possible  of  the  heat  in  the  exhaust  steam  from 
all  sources  should  be  returned  to  the  hot  well.  The  energy  con¬ 
sumption  of  condenser  auxiliaries  is  generally  from  3-5  °/0  of  the 
output  of  the  prime  mover. 

176.  Utilising  ‘ Low-grade*  Heat. — It  is  evident  from  the 
examples  in  §  166  that  the  exhaust  from  a  steam  engine  or 
turbine  contains  a  large  part  of  the  heat  in  the  ‘live’  steam 
delivered  to  the  prime  mover.  Roughly  60  %  of  the  heat  value 
of  coal  burned  in  an  ordinary  steam  plant  with  condensing 
engines  or  turbines  is  delivered  to  the  condensing  water.  Any 
reduction  in  the  heat  thus  rejected  constitutes  an  important 
saving.  ‘Low-grade5  heat — i.e.  principally  the  latent  heat  of 
steam  which  has  been  expanded  in  the  prime  mover — may  be 
utilised  by  either  or  both  of  two  methods,  viz.  :  (1)  By  ‘  bleeding 5 
steam  from  an  intermediate  stage  in  the  expansion  and  using  it 
to  raise  the  temperature  of  the  condensate,  thus  returning  the 
heat  of  the  bled  steam  to  the  feed  water.  (2)  By  using  exhaust 
steam  (or  condensate)  for  industrial  heating  or  for  heating  build¬ 
ings,  the  back  pressure  on  the  engine  or  turbine  being  higher,  the 
higher  the  temperature  required  in  the  heating  service.  The 
basic  principle  is  the  same  in  both  cases  ;  some  of  the  heat  in  the 
live  steam  is  used  to  produce  mechanical  power  and  the  remaining 
heat  (above  atmospheric  temperature)  is  used  as  heat.  Greater 
saving  is  effected  by  method  (2),  when  all  the  exhaust  is  used  for 
heating,  than  by  method  (1)  which  is  limited  by  the  fact  that  the 
feed  water  cannot  reasonably  be  heated  above,  say,  300°  F.  It  is 
not  commonly  realised  that  even  a  ‘  super-station 5  cannot  compete 
in  overall  efficiency  with  the  smallest  steam  plant  which  can 
utilise  its  low-grade  heat,  unless  the  former  can  also  dispose  profit¬ 
ably  of  its  low-grade  heat.  In  most  cases  a  small  power  plant 
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can  find  use  for  its  exhaust  steam  more  easily  than  a  large  central 
station  (§  188). 

In  collieries  and  other  industrial  establishments  there  are 
many  excellent  reciprocating  engines  which  cannot  economically 
be  scrapped,  but  which  do  not  utilise  the  expansion  of  steam  as 
fully  as  could  be  done  in  turbines.  In  such  cases  exhaust  steam 
from  the  engine  can  be  utilised  in  low-pressure  turbines  which 
yield  additional  power  (say  50  %  of  the  engine  output)  without 
involving  any  additional  consumption  of  fuel  {see  also  Chapter 
32). 

177.  Steam  Accumulators. — Where  exhaust  steam  is  used 
to  drive  a  low-pressure  turbine  or  for  heating  or  manufacturing 
processes,  etc.,  some  means  may  have  to  be  provided  for  storing  a 
temporary  surplus  of  steam  to  tide  over  an  ensuing  temporary 
deficiency.  This  provision  consists  of  a  steam  accumulator,  which 
may  be  a  tank  of  water  (say  an  old  Lancashire  boiler  suitably 
lagged)  into  which  the  exhaust  steam  is  passed,  the  water  then 
evaporating  when  the  pressure  on  it  is  reduced  by  the  demand  for 
steam  exceeding  the  inflow.  Alternatively,  the  accumulator  may 
consist  of  a  counterbalanced,  well-lagged  ‘gasometer’  bell,  in 
which  the  exhaust  steam  is  stored,  and  from  which  it  is  taken  as 
required  The  advantage  of  the  latter  arrangement  is  that  it 
imposes  a  lower  back  pressure  on  (and  hence  involves  less  loss  of 
power  in)  the  reciprocating  engines  supplying  the  exhaust  steam 
— say  lb.  per  sq.  in.  as  against  2£  or  3£  lbs.  per  sq.  in.  in  the 
case  of  the  water-storage  system.  The  back  pressure  in  a  water- 
storage  steam  accumulator  is  sufficient  to  permit  admission  of 
live  steam  to  a  mixed-pressure  turbine  to  be  controlled  by  the 
pressure  of  the  exhaust  steam  available  at  the  moment.  In  the 
gasometer-type  of  accumulator,  the  variation  in  exhaust  steam 
pressure  is  too  small  for  this  system  of  control  to  be  effective, 
hence  admission  of  live  steam  is  then  controlled,  through  oil-relays 
or  otherwise,  by  the  rise  and  fall  of  the  storage  bell. 

Steam*  accumulators  of  the  water-storage  type  can  be  used  to 
store  high-pressure  steam  if  desired,  and  large  reservoirs  of  this 
type  are  used  in  some  installations  to  equalise  the  demand  on  the 
boilers.  For  example,  relatively  small  boilers  may  operate  con¬ 
tinuously  at  full-load  to  feed  a  storage  tank  from  which  steam 
can  be  drawn  intermittently  at  a  rate  far  exceeding  the  steaming 
capacity  of  the  boilers.  For  given  variation  in  pressure,  more 
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steam  can  be  stored  per  cu.  ft.  of  water  at  low  than  at  high 
pressure.* 

178.  Fuels  for  Internal  Combustion  Engines.  The  only 
fuels  at  present  used  commercially  for  internal  combustion  engines 
are  gases  or  liquids  which  are  converted,  as  far  as  possible,  into 
gases  prior  to  ignition.  With  reservations  into  which  it  is  un¬ 
necessary  here  to  enter,  paraffin,  petrol,  alcohol,  petroleum,  town 
gas,  and  producer  gas  can  all  be  used  equally  satisfactorily  in 
relatively  small  engines  up  to,  say,  100  B.U.P.,  the  choice  being 
determined  mainly  by  the  relative  cost  and  ease  of  obtaining  the 
several  fuels.  For  engines  of  higher  power  petrol  and  town  gas 
are  generally  too  expensive,  and  the  choice  usually  lies  between 
some  form  of  producer  gas,  coke-oven  or  blast-furnace  gas,  and 
petroleum  (crude  or  refined)  or  tar  oil. 

The  calorific  value  of  petrol ,  paraffin,  and  petroleum  is  about  19  000- 
20  000  B.Th.U.  /  lb.  The  sp.  gr.  varie«  with  the  composition  (each  of  those  fuels 
being  a  mixburo  of  4  fractions’  distilling  at  different  temperatures) ;  typical  values 
are:  petrol,  0*08-0*72 ;  paraffin,  0*75-0*85 ;  crude  petroleum,  0*85-0*95. 

Tar  oil ,  a  by-product  of  the  coking  of  coal,  has  a  calorific  value  about 
16  000  B.Th.U  /  lb.  When  this  oil  is  used  in  engines  it  may  bo  necessary  to  use 
an  auxiliary  injection  of  paraffin  or  other  light  oil  to  ensure  ignition  ;  the  amount 
of  light  oil  required  is,  at  all  loads ,  about  5  °/c  of  the  full-load  consumption  of  tar 
oil. 

The  calorific  value  of  alcohol  is  usually  between  11  000  and  12  000  B.Th.U.  /  11). 
(according  to  the  percentage  of  water  contained)  and  the  sp.  gr.  is  about  0*82. 

Natural  gas  contains  up  to  93  °/u  of  methane  and  has  a  calorific  value  of 
800-1/100  B.Th.U.  /  cu.  ft.  The  supply  of  natural  gas  is  restricted  to  certain 
localities  (mostly  near  oil  fields)  and  is  variable  in  quality  and  dwindling  in 
amount.  Toim  gas  or  coal  gas  is  made  by  the  distillation  of  coal  in  closed  retorts  ; 
it  may  contain  40-45  *7U  each  of  hydrogen  and  methane,  and  has  then  a  calorific 
value  of  600-700  B.Th. U.  /  cu.  ft.;  lately  the  calorific  value  has  been  reduced  to 
500  B.Th.U.  or  lower  by  the  admixture  of  a  considerable  amount  of  water  gas. 
Town  gas  is  now  sold,  in  Great  Britain,  on  the  basis  of  calorific  value,  the  unit 
being  the  therm  which  equals  100  000  B.Th.U.  The  term  producer  gas  in¬ 
cludes  a  number  of  mixtures  of  carbon  monoxide,  hydrogen,  methane,  etc.,  with 
more  or  less  carbon  dioxide  and  nitrogen  as  diluents;  these  mixtures  are  the 
products  of  incomplete  combustion  of  coal,  coke,  sawdust,  peat,  etc.,  in  the 
presence  of  more  or  less  steam.  Simple  producer  gas  or  air  gas,  made  by  blowing 
or  drawing  air  through  a  bod  of  incandescent  carbon,  consists  mainly  of  carbon 
monoxide  and  has  a  calorific  value  from  70-100  B.Th.U.  /  cu.  ft.  Water  gas, 
made  by  blowing  steam  and  air  alternately  through  incandescent  carbon,  may 
contain  50  °/0  hydrogen  and  85  °/c  carbon  monoxide,  the  calorific  value  being 
about  800  B.Th.U.  /  cu.  ft.;  if  ‘carburettod’  by  the  addition  of  hydrocarbons, 

*  About  0*8  lb.  of  steam  is  stored  per  cu.  ft.  of  water  when  the  pressure  riHos 
from  205  to  280  lbs.  /  sq.  in.  (gauge),  compared  with  1*8  lb.  of  steam  pm*  cu.  ft.  of 
water  when  the  pressure  rises  from  15  to  30  lbs.  /  sq.  in. 
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water  gan  may  yield  about  (>50  H.Th.U.  /  eu.  ft.  Suction  ga-i  plant  generally 
produces  a  mixture  intermediate  between  air  ga^  tutd  water  giw  (£  1H1),  Monti 
gas  is  a  producer  gas  made  on  a  large  scale  and  from  bitmninoun  coal  with  pro- 
vision  for  utilising  waste  heat  and  recovering  by-product*  (£  II*?#) ;  its  calorific 
value  is  about  150  H.Th.U.  /  cu.  ft.  I  Hast,  furnmr  gas  contain?*  tffi-tto  0f 
carbon  monoxide  and  has  a  calorific  value  of  about  ‘.Kb  it#)  H.Th.U.  /  i-u.  ft.  The 
calorific  value  of  coke  oven  gas  is  about,  4(X)-450  H.  Ib.l  .  f  ni,  ft. 

Internal  combustion  engines  are  now  available  which  can 
easily  be  adap ted  to  operate  on  whiclu*v«T  1  iqui<  1  or  gaseous  fuel 
is  cheapest  at  the  time  ami  place?  concern***!. 

179.  Horse-power  of  Internal  Combustion  Engines.  -The 
general  formula  lor  the  hnrse-jjoww  of  any  reciprocating  engine 
is : — 

IIorse-jM>wer  PLAN  /  «Ti  000 

where  V  *  mean  effective  pressure  on  the  piston  ‘hiring  the 
working  stroke,  in  lb.  /  sq.  in.;  L  length  of  stroke,  in  ft.; 
A  «  effective  area  of  piston,  in  sq.  in.  ;  *V  number  of  working 
strokes  per  min.  Tin?  II.  P.  of  a  steam  engine  can  be  increased 
considerably  above  the  rated  H.I\  by  delaying  the  cut-off,  thus 
admitting  more,  steam  to  the  cylinder  and  raising  the  mean 
effective  pressure.  In  internal  combustion  engines,  however,  it 
is  impossible  greatly  to  increase  the  weight  of  fuel  burned,  beyond 
the  value  corresponding  to  the.  normal  output  for  which  the 
engine  is  designed.  Though  the  overload  rapacity  of  internal 
combustion  engines  is  small  compared  with  that  of  steam  engines, 
tin’s  does  not  limit  the  utility  of  the  former  for  driving  electric 
generators,  provided  that  the  engine  Im  of  suitable  size;  un¬ 
fortunately  some  internal  combustion  engines  cannot  maintain 
an  output  equal  to  the  rating  which  they  are  given  in  makers' 
catalogues. 

An  empirical  hut  uxcful  method  of  detenu  in  big  the  hi**?  of  internal  omibtiMtion 
origin o  required  to  drive  electric  generator*  wan  jmMohcd  by  W  A.  Tookey  in  a 
paper  road  before  the  Association  of  SttgierviHiu#  KJertriehnm,  May,  ItUH.  Tito 
data  extracted  therefrom  in  Table  Cl  relate  to  the  normal  full-load  output  which 
can  he  maintained  contimiouHlv  for  H  hrn. 

For  continuous  (til  hr.)  operation  at  full  \*m*l  the  pinion  di^plaeemimt  par 
H.P.  or  per  kW  nhould  he  aland  10  '*fu  greater  than  the  value*  given  in  Table  19; 
on  the  other  hand,  for  short  period*  thn  power  d**v*doped  maybe  felfl  ’  higher 
than  the  value  calculated  from  thin  table. 

Kxamph.  - What  in  the  normal  full-load  output  of  a  town  go*  engine  with 
four  cylinder*.,  each  H  inn.  dia.  *  7  inK.  stroke,  running  at  UOO  r.p.m.  ?  The 
piston  displacement  in  (>r(H)’J/  1)  ✓  7  Hbiiru.  in.  |x*r  *trnkr.  On  the  fruinttroke 
cycle  there  are  300  working  strokes  j«sr  min.  in  catch  cylinder,  hence  the  total 
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Gold-Starting  Oil  Engine  for  Refined,  Crude,  Residual  and  Tar  Oils. 


The  engine  starts  from  the  cold  state  without  preheating,  runs  with  moderate 
compression,  and  requires  no  air  blast  for  the  injection  of  fuel.  It  operates  on  the 
four-stroke  cycle,  and  the  oil  pump  injects  a  charge  of  oil  into  the  combustion 
chamber  in  the  form  of  fine  sjoray.  The  fuel  consumption  at  normal  rated  load 
ranges  from  0*4  to  0*5  lb.  /  B.H.P.-lir.,  according  to  the  quality  of  the  fuol  and  the 
size  of  the  engine.  At  half-load  the  total  fuel  consumption  per  hr.  is  less  than 
60  °/0  of  the  full-load  figure.  The  engine  illustrated  is  rated  at  43  B.H.P.  normal 
(47  B.H.P.  maximum),  250  r.p.m.,  and  is  direct  coupled  to  a  D.C.  generator.  The 
weight  of  the  engine,  including  specially  heavy  fly-wheel  for  lighting  service,  is 
about  118  cwt.  Similar  engines  are  built  from  19  to  130  B.H.P.  (normal)  single- 
cyclinder,  and  from  3S  to  2G0  B.H.P.  double-cylinder. 


[To  face  p.  266. 
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Table  19. — Data  for  Calculating  the  Output  of  Internal 
Combustion  Engines. 


Producter 
Gas  From 

p 

T3 

*3  © 

P  K  . 

|?S 

►H  ^  *S5 

O 

% 

& 

Anthracite. 

.  _ 

<u 

ri* 

o 

O 

O 

'"S 

S3 

b* 

cS 

J- 

P-» 

Petrol 

■si:  | 

O  So 

£  Cxi 

(a)  Mean  effective  pressure  indicated, 
lb.  /  sq.  in. . 

90 

75 

70 

75 

70 

85 

47 

( b )  Ditto,  available  at  crankshaft, 
lb.  /  sq.  in. . 

76 

61 

56 

61 

56 

71 

33 

(c)  Mechanical  efficiency  of  engine 
(  =  &/*),%> . 

84-5 

81-3 

80-0 

81*3 

80*0 

83*5 

70*0 

(d)  Piston  displacement  (impulse 

strokes  only) — 

Cu.  ft.  /  min.  /  B.H.P.  . 

3*0 

3-75 

4*1 

3*75 

4*1 

3-22 

7*0 

Cu.  ft.  /  min.  /  kW  * 

4-5 

5*6 

-  6-1 

5*6 

6*1 

4-84 

10*5 

piston  displacement  (impulse  strokes)  is  352  x  300  x  4  /  1  728  =  245  cu.  ft.  /  min. 
From  Table  19  the  piston  displacement  required  is  4-5  cu.  ft.  /  min.  /  kW,  hence  the 
normal  full-load  output  of  the  engine  is :  245  /  4*5  =  54  kW  approx. 

It  must  not  be  overlooked  that  at  high  altitudes  a  larger  engine 
is  required  ;  at  8  000  ft.  the  loss  of  power  amounts  to  20  or  25  °/o 
in  oil  and  gas  engines,  or  roughly  3  °/o  per  1  000  ft.  Further¬ 
more,  it  is  often  found  in  hot  climates  that,  even  when  allowance 
is  made  for  altitude,  oil  engines  will  not  continue  to  give  their 
rated  output,  owing  to  the  high  temperatures  experienced  and  the 
consequent  decrease  of  mass  of  the  volume  of  air  in  the  cylinder ; 
the  loss  amounts  to  about  1  °/o  for  every  6°  F.  above  60°  F. 

The  data  in  Table  20  indicate  the  range  of  outputs  for  which 
various  types  of  internal  combustion  engines  are  available,  and 
the  fuel  consumption  and  thermal  efficiency  of  each  under  favour¬ 
able  circumstances  {see  also  §§  180-183). 

180.  Oil  Engines. — Under  this  heading  may  be  grouped  all 
engines  which  utilise  liquid  fuel,  viz. :  Petrol  engines,  alcohol 
engines,  paraffin  engines,  Diesel  engines,  and  semi-Diesel  or  hot- 
bulb  engines.  All  these  engines  have  high  thermal  efficiencies 
(Table, 20,  p.  268)  and  are  thus  at  an  advantage  compared  with 
steam  plant  for  medium  and  small  outputs  (particularly  below 


Assuming  generator  efficiency  =  89  0/o. 

267 


§  180  ELECTRICAL  ENGINEERING  PRACTICE 


Table  20. — Horse-Power,  Fuel  Consumption,  and  Thermal 
Efficiency  of  Internal  Combustion  Engines  (see  also  Table 
15,  §  167). 


l 

1  a  if 

1  i 

Type  of  Engine. 

Usual  Range 
of  Rated 
Output 
B.H.P. 

orific  Value  o 
Fuel  Used  in 
Th.U.  per  Lb. 

Cousumptio 
B.H.P.-Hr. 
Full  Load.* 

B.Tli.  U.  per 

1. H.P. -Hr.  at 
Full  Load.* 

a . _ 

SE 

§n1 
'3  0*  >3 
1^3 

6  w 

3  33 

H-t 

.cPQf^i 

ft 

EH 

Oil  Engines. 

/  Up  to  50  ) 
\(aero  400)/ 

Petrol . 

20  000 

0-55  lb. 

j  11  050 

23 

f  Various  mixtures  of  "j 

Alcohol . 

Ditto 

alcohol  and  petrol  V  i 

25-30 

l  10  400-8  500 

j 

Paraffin . 

Up  to  120 

19  500 

0*62  lb. 

12  100 

21 

Diesel . 

12£-1  000  § 

18  500 

0*4  lb. 

7  500 

34 

Semi-Diesel  .... 

5-600 

18  500 

0-42  lb. 

7  700 

33 

Still  (combined  steam  and  oil) 

— 

18  000 

0*375  lb. 

6  750  1 

37-7 

Oil  turbine  .... 

500-3  000  IT 

18  500 

0*53  lb. 

9  800 

26 

Gas  Engines. 

Town  or  producer  gas  . 

Up  to  250  ** 

1  Vari- 

Accord- 

Blast  furnace,  coke  oven,  etc., 
gas . 

Up  to  6  000  % 

j-  able  ; 

J  see  §  178 

ing  to 
calorific 

10  400 

25 

Gas  turbine  .... 

7  500-14  000 1 

i 

value. 

*  The  figures  in  these  columns  apply  to  full-load  operation  of  the  largest 
engines  in  each  class.  As  a  rough  guide  it  may  be  taken  that  the  fuel  consump¬ 
tion  per  B.H.P.-lir.  is  10  %  higher  at  1J  or  f  times  rated  full  load,  20  %  higher 
at  |-load  than  at  full  load,  and  50  %  (or  more)  higher  at  J-load  than  at  full  load. 
In  the  smallest  engines  of  each  type  it  may  be  assumed,  for  the  purpose  of  rough 
estimates,  that  the  fuel  consumption  per  B.H.P.-hr.  is  at  least  50  °/0  greater  than 
in  the  largest  engines  of  the  same  type, 

f  Claimed  to  be  practicable;  see  Times  Trade  Supp.,  Jan.,  1922,  p.  9;  March, 
1922,  p.  91. 

X  Up  to  300  H.P.  per  cylinder  is  developed  in  single-acting,  four-stroke  engines 
and  up  to  1  500  or  2  000  H.P.  per  cylinder  in  double-acting,  four-stroke  or  opposed- 
piston,  two-stroke  engines. 

§  Standard  four-stroke  Diesel  engines  are  built  up  to  3  200  H.P.  (8  cylinders), 
but  engines  exceeding  700  H.P.  are  rarely  used  on  land.  Two-stroke  Diesel 
engines  are  built  up  to  4  000  H.P.  (from  6  cylinders  29*13  ins.  dia.  x  40*15  ins. 
stroke),  and  as  much  as  2  000  H.P.  has  been  obtained  (experimentally)  in  a  single 
cylinder  engine  of  this  type.  Experiments  have  been  made  in  Germany  with  a 
two-stroke  Diesel  engine  developing  12  000-15  000  H.P.  in  six  double-acting 
cylinders. 

IT  These  machines  are  still  in  the  experimental  stage,  but  it  is  claimed  that 
they  can  be  built  for  outputs  up  to  12  000  H.P. 

**  1  500  H.P.  from  pressure  producers. 
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500  H.P.).  The  elimination  of  tine  steam  boiler  ami  its  appurten¬ 
ances  is  often  an  important  consideration,  but  the  steam  engine 
itself  is  simpler  than  any  internal  combustion  engine  ami  is  more 
easily  kept  in  good  running  order;  this  is  especially  important 
where  skilled  attendance  is  not  easily  available.  Petrol-electric 
sets*  are  convenient  and  economical  for  such  purposes  as  country 
house  lighting  :  they  require  no  skilled  attention  for  Ion#  periods, 
but  it  would  bo  unwise  to  install  them  where  skilled  labour  cannot 
be  summoned  when  required. 

The  only  advantage  offered  by  alcohol  compared  with  petrol 
engines  is  a  possible  saving  in  fuel  costs.  Paraffin,  petroleum 
(crude  or  refined),  and  tar  oil  are.  undoubtedly  cheaper  fuels  than 
petrol,  and  engines  using  these  can  be  employed  profitably  in  units 
up  to,  say,  100  H.J\  for  paraflin  engines  and  500  1  000  II.  P.  for 
engines  using  crude  oil.  Recent  developments  in  crmle  oil 
engines  make  it  probable  that  those  will  henceforward  be  used  in 
the  majority  of  installations  requiring  anything  from  a  few  horse¬ 
power  up  to  1  000  H.P.  or  so;  for  higher  powers  the. steam  turbine 
is  generally  the  cheapest  prime  mover  for  laud  service.  Though 
all  oil  engines  show  to  fiest  advantage  on  steady  load  near  full¬ 
load  rating,  the  relative  increase  in  fuel  consumption  at  partial 
loads  is  no  greater  than  in  steam  plants.  In  small  installations 
where  the  load,  if  any,  can  be. supplied  from  batteries  during  part 
of  the  24  hours,  internal  combustion  engines  eliminate  the  waste 
and  trouble  involved  by  'banking’  steam  boilers. 

Oil  engines  of  the  Diesel  type  are  now  used  extensively  in 
medium-sized  power  stations.  Apart  from  high  initial  cost,  the 
chief  disadvantage  of  Diesel  engines  is  that  they  require  highly 
skilled  attention;  their  use  is  therefore  inadvisable  in  small 
stations.  In  this  type  of  prime  mover  the  liquid  fuel,  which  may 
be  crude  oil,  is  sprayed  gradually  into  the  cylinder  on  the  forward 
stroke  and  ignited  by  the  high  temperature  caused  by  the  ex¬ 
tremely  high  compression  of  the  air  charge  during  the  previous 
back  stroke;  there  is  therefore  no  actual  explosion  as  is  the  case 
in  ordinary  oil  or  petrol  engines,  and  no  carburettor,  vaporiser,  or 
ignitor  is  required.  A  modified  type  known  as  the  ‘semi-Diesel,’ 
‘hot-bulb,*  or  ‘surface  ignition*  engine  is  now  much  used.  This 

*  Often  of  the  Hulf-ntartiiig  iyjwi  in  witinh  a  wmi.II  htnrum*  battery  driven  Urn 
dynamo  temporarily  n«  a  motor  and  than  ntarti  lh«*  engine  if  more  than  mm  or  two 
lamps  bo  switched  on. 
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engine  can  work  on  crude  oil,  tar  oil  or  any  other  fuel  which  can 
be  used  in  Diesel  engines,  and  its  thermal  efficiency  is  nearly  as 
high  as  that  of  the  latter.  The  distinctive  feature  of  the  semi- 
Diesel  engine  is  that  the  compression  pressure  is  lower  than  in  the 
Diesel  engine  (say  350  lbs.  /  sq.  in.  compared  with  nearly  500  lbs.  / 
sq.  in.),  hence  the  temperature  reached  by  compression  alone  is 
not  sufficient  to  ignite  the  fuel.  A  blow  lamp  or  electric  ignition 
device  is  used  when  starting  the  engine,  and  the  combustion  of 
the  working  fuel  then  keeps  a  special  chamber  or  surface  suffici¬ 
ently  hot  to  ignite  the  compressed  charge  (for  fuel  consumption 
data  see  §§  167,  179). 

181.  Gas  Engines. — Coal  gas  as  distributed  for  lighting 
purposes  is  generally  too  costly  for  use  in  large  power  plants. 
Producer  gas  is  made  by  passing  air  and  more  or  less  steam  through 
incandescent  fuel;  where  anthracite  is  available  it  is  generally 
used,  but  coke,  sawdust,  and  other  refuse  are  also  employed  (§  178). 
The  oxygen  of  the  air  combines  with  the  carbon  of  the  fuel  to 
form  carbon  monoxide,  and  the  steam  together  with  carbon  also 
forms  carbon  monoxide  and  free  hydrogen.  In  addition,  certain 
amounts  of  marsh  gas  and  carbon  dioxide  are  formed.  Some  of 
the  heat  in  the  hot  gases  is  used  to  raise  steam,  but  the  remainder 
is  lost  in  the  scrubbing  tower ;  the  thermal  efficiency  of  the  pro¬ 
ducer  is  from  70-85  0jo  (Table  15,  §  167).  The  gases  as  formed 
contain  various  impurities,  which  would  foul  the  cylinder  and 
valves,  so  they  are  cooled  and  purified  in  a  scrubber,  consisting  of 
layers  of  coke  with  a  water  spray,  and  are  then  dried  by  passing 
through  sawdust.  The  gas  scrubber  requires  from  l£-2£  gals, 
of  water  per  B.H.P.-hr.,  and  the  gas  generator  about  0*6-1  pint 
per  B.ELP.-hr.  In  the  generator  it  is  necessary  that  there 
should  be  a  large  mass  of  incandescent  fuel  for  the  saturated  air 
to  pass  through ;  if  the  demand  falls  below  about  half  normal  the 
fire  dies  away. 

Producer-gas  plants  have  hardly  realised  the  hopes  held  out  for 
them ;  they  show  to  best  advantage  in  steady  working  and  in  sizes 
up  to  250  or  400  H.P.  The  larger  sizes  generally  show  heavy  re¬ 
pair  and  attendance  costs,  though  much  depends  on  the  skill  with 
which  they  are  operated. 

The  high  thermal  efficiency  of  large  gas  engines  makes  them 
tempting  where  coke-oven  or  blast  furnace  gas  is  available,  but  it 
is  found  that  a  load  factor  of  35  %  or  over  is  required  before  they 
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1  500  B.H.P.  Vertical  Tandem  Gas  Engine  Driving  an  Alternator. 

There  are  two  cylinders  in  tandem  over  each  crank  and  these  fire  alternately,  so 
that  there  is  a  working  stroke  in  one  cylinder  on  every  downward  stroke.  The  space 
between  the  top  piston  and  the  intermediate  cover  is  used  as  a  buffer  cylinder,  so  that 
the  moving  parts  are  cushioned  on  both  the  up  and  the  down  stroke.  Forced  lubri¬ 
cation  is  used,  and  no  moving  parts  are  water  cooled.  The  engine  is  started  by  coin- 
pressed  air  and  can  be  run  on  all  kinds  of  gases.  The  uniform  turning  moment  and 
close  governing  obtained  are  important  considerations  where  the  driving  of  electric 
generators  is  concerned. 
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Tandem,  Double-Acting,  Horizontal  Gas  Engine  Driving  an  Alternator. 

The  engine  operates  on  the  four-stroke  cycle  and  has  cylinders  of  950  imn,  dia¬ 
meter  and  1  100  mm.  stroke.  Its  output  is  1  170  B.H.P.  at  105  revs,  per  min. 
Engines  of  this  type  are  designed  to  run  on  blast-furnace  gas,  coke-oven  gas,  a 
mixture  of  these  gases,  or  on  producer  gas.  Usual  sizes  range*  from  000  to  8  (XX) 
B.H.P.  for  single-crank  engines  (double  these  powers  for  two-crank  engines).  The 
engines  are  equally  suitable  for  driving  D.C.  or  A.C.  generators,  and  it  is  claimed  that 
the  heat  consumption  does  not  exceed  10  000  B.Th.U.  per  B.II.P.-hr.  at  full  load. 
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can  compete  with  steam  turbine  plant  in  central  station  practice, 
after  allowing  for  capital  and  working  costs.  (For  fuel  consump¬ 
tion  data  see  §§  167,  179.) 

182.  Humphrey  Pump  and  T urbine  Plants. — The  Humphrey 
pump  may  sometimes  be  used  as  the  ultimate  prime  mover  for 
generating  electricity;  for  it.  bids  fair  to  be  the  most  economical 
water  lift,  and  the  overall  efficiency  of  a  turbine  and  generator 
under  a  perfectly  constant  head  is  also  high.  It  is  sufficient  here 
to  say  that  the  pump  uses  the  principle  of  resonance  to  keep  a 
large  amount  of  water  pulsating  backwards  and  forwards  in  a  large 
pipe,  by  means  of  automatically-timed  explosions,  a  certain  pro¬ 
portion  of  the  water  being  ‘discharged  at  a  higher  level  at  each 
swing  of  the  pendulum.  From  the  high-level  reservoir  the  water 
would  return  to  the  low  level  through  a  reaction  turbine  driving  a 
generator.  The  loss  of  water  would  be  confined  to  that  caused  by 
leakage  and  evaporation.  The  pump  would  be  working  under  the 
ideal  conditions  of  constant  suction  and  delivery,  and  already  fuel 
consumption  as  low  as  0*93  lb.  of  anthracite  per  pump  H.P.-hr. 
has  been  obtained  under  ordinary  working  conditions.  A  con¬ 
sumption  not  exceeding  1  *6  lb.  of  coal  per  pump  H.P.-hr.  has  been 
guaranteed,  and  1*2  lb.  is  considered  probable. 

As  a  practical  example,  assume  the  consumption  of  coal  to  be  1*6  lb.  per  pump 
H.P.-hr. ;  further  assume  the  cost  to  be  13s.  4d.  per  ton  or  0*71d.  per  lb.,  which  is 
equal  to  l*14d.  per  pump  H.P.  hr.  Assume  the  head  to  be  30  ft.  then  1  pump 
H.P.  hr.  will  be  equivalent  to  18$-  lbs.  of  water  per  sec.  or  0*29  cusec  (§  201)  raised. 
With  an  overall  efficiency  of  turbine  and  generator  of  73  °/0,  the  electrical  output 
on  allowing  the  same  quantity  to  fall  through  the  same  head  in  1  hr.  will  be  0*73 
E.H.P.-hr.  or  0*54  kWh.  The  consumption  is  therefore  2*9  lbs.  per  unit,  costing 
0*21d.  These  are  figures  which  many  central  stations  would  envy.* 

The  proposition  would  depend  entirely  on  the  existence  of  a 
natural  storage  site  for  water,  as  otherwise  the  capital  cost  of  a 
large  enough  reservoir  would  be  prohibitive.  In  this  respect  the 
problem  somewhat  resembles  that  which  the  advocates  of  tidal 
power  (§  230)  put  forward.  A  plant  capable  of  giving  an  output  of 
only  30  kW  continuously  would  require  1  500  000  cu.  ft.  of  storage 
(say  400  ft.  x  400  ft.  x  10  ft.)  to  give  an  hour’s  reserve  supply 
on  a  30-ft.  head.  Probably  much  less  than  an  hour’s  supply 
would  serve  if  the  power  were  only  to  be  used  for  distant  irriga¬ 
tion  pumping,  which  seems  a  promising  field  of  development  in 
the  tropics. 

183.  Gas  and  Oil  Turbines. — There  is  no  reason  to  suppose 
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that  internal  combustion  turbines  will  have  fchesam* 
in  point  of  higher  thermal  efficiency  compared  with  r 
gas  and  oil  engines,  that  the  steam  turbine  has  compel, 
ciprocating  steam  engines.  Indeed  the  thermal 
and  oil  turbines  will  probably  remain  slightly  lower 
large  gas  and  oil  engines,  because  the  combustion  is  n*  * 
the  working  space  in  the  case  of  the  turbines.  Th*  « 
offered  by  the  turbine  are  the  elimination  of  recipr* 
and  the  possibility  of  developing  higher  power  than  <*;& 
be  produced  in  reciprocating  engines  (Table  20,  §  I  4 
time  of  writing  gas  and  oil  turbines  are  still  in  the  *  * 
stage.  The  general  principle  employed,  in  the  mat"! 
give  most  promise  of  success,  is  the  combustion  of  ga** 
air  mixture  in  a  series  of  chambers  which  are  arrant* 
the  products  of  combustion  through  nozzles  to  a  tur 
The  chief  practical  difficulty  lies  in  the  efficient  uti  lb- 
energy  developed  by  the  fuel  without  overheating  th«* 
chambers  and  turbine  blades;  in  this  connection  th*- 
weakness  of  steel  at  high  temperatures  is  an  even  14 
factor  than  that  of  corrosion  or  burning.  The  hot 
the  turbine  may  be  used  to  raise  steam  for  a  turU*  1 
which  supplies  air  to  the  combustion  chambers  of  the  11 
184.  Bibliography  (see  explanatory  note,  §  58). 
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Miscellaneous. 

Other  sources  of  information  include  the  Reports  of  the  Fuel  Research 
Board  (Dept,  of  Scientific  and  Industrial  Research) ;  the  Proceedings  of 
the  Institutions  of  Civil  and  Mechanical  Engineers ;  and  the  technical 
press  (see  also  Bibliography,  §§  199,  258). 


Addendum  to  §  174  (p.  259). — Whilst  these  pages  were  in  the  press,  information 
was  published  concerning  a  1  000  kW  experimental  boiler,  built  by  the  Benson 
Engineering  Co.  and  the  English  Electric  Co.  at  Rugby,  to  work  at  3  200  lbs. 
/  sq.  in.  and  706°  F.,  i.e.  at  the  ‘critical  point’  of  steam.  At  this  temperature, 
under  this  pressure,  water  occupies  about  three  times  its  volume  at  60°  F.  and  is 
suddenly  converted  into  steam  without  further  increase  in  volume  and  without  the 
absorption  of  any  latent  heat  of  vaporisation.  The  boiler  consists  of  small-bore 
steel  pipes  with  no  drums.  Distilled  water  is  used  as  feed,  and  the  steam  is  super¬ 
heated  to  785°  F.  After  being  throttled  to  1  500  lbs.  /  sq.  in.,  or  possibly  a  higher 
pressure,  the  steam  will  be  used  in  a  special  turbine  exhausting  at  200  lbs.  /  sq.  in. 
It  will  then  be  reheated  to  665°  F.  and  the  expansion  completed  in  an  ordinary 
turbine.  The  essential  feature  of  the  boiler  is  the  generation  of  steam  for  use  at 
1  500  lbs.  or  over  without  the  difficulties  of  spasmodic  evolution.  (D.  Brownlie, 
El,  Times ,  Vol.  63,  p.  644.) 
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CHAPTER  7. 


POWER  PLANT  DEVELOPMENT  AND  DATA. 

185.  Private  Generation  versus  Purchase  of  Energy. — 

The  relative  advantages  of  private  generation  and  purchase  of 
energy,  or,  in  other  words,  power  generation  in  isolated  plants 
and  in  central  stations,  are  governed  by  many  considerations.  A 
central  station  effects  savings  in  point  of  (i)  the  reduced  capital 
costs  per  kW  of  large,  compared  with  small,  generating  units  ; 
(ii)  the  reduced  fuel  costs  and  the  lower  attendance  and  mainten¬ 
ance  costs  per  kWh  made  possible  by  the  larger  prime  movers  and 
higher  load  factor  (§  261);  (iii)  and  the  lower  percentage  of 
reserve  plant  required  in  a  central  power  plant  compared  with 
small  installations  aggregating  the  same  total  capacity.  These 
savings  must,  however,  be  compared  with  the  capital  and  working 
expenses  introduced  by  transmission  and  distribution  equipment 
and  the  losses  therein.*  The  purchase  of  electrical  energy  from 
a  central  station  leaves  an  industrial  consumer  free  to  utilise  all 
his  available  space  and  capital  for  the  purpose  of  his  own  business, 
relieves  him  of  the  responsibility  of  operating  generating  plant, 
and  generally  secures  greater  reliability  of  supply.  Other  factors 
being  equal,  wholesale  production  of  electrical  energy  in  high- 
power  stations  operated  by  specialists  in  power  production 
enables  energy  to  be  sold  (at  a  profit)  to  the  consumer  more 
cheaply  than  he  can  produce  it  himself.  The  problem  is,  how¬ 
ever,  one  which  must  be  considered  fully  for  each  case  on  its 
merits.  Though  the  capital  cost  per  kW  is  higher  for  small  than 
for  large  prime  movers  and  generators  (§  195),  the  total  cost  per 
kW  for  the  complete  plant  with  buildings  and  site  may  be  as  low 
in  an  isolated  plant  as  in  a  central  station.  By  the  judicious  use 
of  part-time  labour,  and  particularly  by  the  use  of  low-grade  heat 

*  This  aspect  of  the  problem  is  discussed  in  ‘The  Economic  Limits  of  Dis¬ 
tribution  from  Goal-Fired  Stations,5  by  W.  B.  Woodhouse,  Inst.  C.E.  Engineering 
Conference,  1921. 
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(§§  1T6,  188)  for  manufacturing  purposes,  the  labour  and  fuel 
costs  may  be  made  to  compare  favourably  with  those  of  central 
stations.  Again,  the  amount  of  power  required  by  an  industrial 
consumer  may  equal  the  total  demand  of  a  medium-sized  com¬ 
munity,  in  which  case  private  generation  amounts  to  installing  a 
private  central  station  in  the  immediate  neighbourhood  of  the 
load ;  it  is  extremely  difficult  for  purchased  energy  to  compete 
with  private  generation  in  such  cases,  particularly  if  the  latter 
has  the  advantage  of  cheap  fuel  (as  at  collieries,  iron  and  steel 
works,  etc.,  see  Chapter  32)  or  very  high  load  factor,  as  in  railway 
workshops  and  the  like. 

The  development  of  semi-Diesel  engines  (§  180)  makes  it 
possible  for  any  consumer,  with  a  demand  of,  say,  150  kW  or 
over  and  a  reasonably  good  load  factor,  to  compete  closely  with 
central  station  supply  under  average  conditions  and,  whilst  the 
general  arguments  in  favour  of  centralisation  are  sound,  there  are 
so  many  factors  involved  that  every  industrial  consumer  should 
prepare  estimates  for  himself.*  The  improvement  of  central 
station  operation  by  the  recovery  of  by-products  from  coal  ( i.e .  the 
joint  operation  of  gas  works  and  electricity  stations)  and  the 
utilisation  of  low-grade  heat  would  make  it  impossible  for  any 
but  exceptional  private  plants  to  compete  with  central  stations. 
As  matters  stand,  however,  any  private  plant  which  embodies 
these  principles  can  offset  most,  if  not  all,  of  the  advantages  of 
central  stations  in  other  respects  (§§  188, 191). 

Many  of  the  advantages  of  centralisation,  and  some  other  ad¬ 
vantages  as  well,  are  derived  from  the  electrical  interconnection 
of  existing  generating  stations  (§  186),  and  some  of  the  latter 
may  be  stations  originally  erected  as  private  installations  for  the 
supply  of  a  particular  works,  colliery,  etc. 

186.  Interconnection  of  Generating  Stations. — Intercon¬ 
nection  between  two  or  more  generating  stations  or  transmission 
systems  reduces  the  amount  of  reserve  plant  required  in  the 
system  as  a  whole  and  improves  the  load  factor  and  efficiency  of 
operation.  It  is  highly  improbable  that  the  load  curves  of  the 


*  It  is  not  easy  to  estimate  accurately  the  cost  of  private  generation  owing  to 
the  difficulty  of  attaching  a  definite  value  to  the  factors  of  responsibility,  re¬ 
liability,  etc.  A  good  model  for  the  preparation  of  estimates,  taking  into  account 
all  tangible  factors,  is  to  be  found  in  *  Economy  in  Power  Generation,’  by  E.  G. 
Williams,  EL  Ind.  and  Inv .,  Aug.  23, 1922. 
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two  stations  or  systems  will  be  identical,  and  even  a  few  minutes' 
difference  between  the  times  of  incidence  of  peak  loads  in  the 
interconnected  systems  means  that  a  considerable  percentage  of 
the  generating  plant  in  each  system  is  available  to  help  in  supply¬ 
ing  the  peak  load  of  the  other.  The  difference  between  the 
thermal  efficiencies  of  generating  sets  in  large  interconnected 
stations  and  those  of  the  larger  sets  which  could  be  used  in  a 
single  central  station  supplying  the  same  district  is  not  great,  and 
it  is  offset  by  the  fact  that  the  interconnected  stations  are  at  load 
centres  and  only  a  balance  of  power  has  to  be  transmitted  through 
the  ‘tie  lines  ’  (§  320)  instead  of  the  whole  demand  having  to  be 
transmitted  from  a  central  station.  The  effective  capacity  of  two 
or  more  generating  stations  is  often  increased  25  °/o  by  intercon¬ 
nection,  owing  to  the  improvement  of  the  diversity  factor. 

Interconnection  between  generating  stations  is  now  utilised 
on  a  most  extensive  scale,  and  generally  the  cost  of  inter-connection 
is  very  small  compared  with  the  value  of  the  benefits  derived. 
In  America,  interconnected  transmission  lines,  fed  from  many 
generating  stations,  extend  for  hundreds  of  miles.  Voltage 
differences  form  no  obstacle  to  the  interconnection  of  A.C. 
systems  because  the  connection  can  be  made  through  static  trans¬ 
formers  (Chapter  17);  frequency  difference  is  a  more  serious 
factor  owing  to  the  fact  that  it  involves  the  use  of  frequency 
changers  (ibid.)  which  are  rotating  machines;  they  suffer  from 
‘  swinging  ’  or  ‘  hunting 5  difficulties  because  a  certain  mechanical 
displacement  of  the  rotor  corresponds  to  a  higher  electrical  dis¬ 
placement  on  the  high  frequency  than  on  the  low  frequency  side 
of  the  machine.  The  Thury  constant  current  system  has  ad¬ 
vantages  where  the  interconnection  of  different  stations  is  con¬ 
cerned  (§  317). 

The  greater  the  difference  between  the  load  curves  of  two 
stations,  the  greater  the  benefits  to  be  derived  from  interconnec¬ 
tion  ;  this  will  be  understood  from.  Chapter  11.  Interconnection 
is  equally  valuable  where  the  time  curves  of  available  power  differ, 
as  in  hydro-electric  and  wind  power  installations ;  indeed,  many 
small  water-power  schemes,  which  would  be  commercially  worth¬ 
less  if  developed  independently,  can  profitably  be  tied  together 
and  to  an  existing  network  (§  187).  Similarly,  interconnection 
between  two  or  more  stations  at  different  levels  on  one  stream 
enables  the  electrical  load  to  be  distributed  so  that  additional 
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water  flow  through  the  up-stream  station  can  be  used  effectively, 
and  without  storage,  at  the  down-stream  station. 

As  explained  in  §  185,  many  private  industrial  power  plants 
are  able  to  operate  at  higher  overall  efficiency  than  central 
stations.  By  connecting  them  electrically  the  average  thermal 
efficiency  is  improved,  the  hitherto  independent  consumer  gains 
the  advantage  of  increased  security  of  supply,  and  the  central 
station  has  additional  generator  capacity  during  some  hours  of 
the  day  and  night.  To  take  only  one  example,  the  industrial 
plant  could  supply  some  or  all  of  the  power  required  to  carry  its 
employees  to  and  from  work,  this  traction  demand  naturally 
preceding  and  following  the  internal  demand  of  the  works  itself. 

187.  Automatic  Generating  Stations.  —  In  the  automatic 
petrol-electric  generating  set  (§  180),  the  engine  starts  automati¬ 
cally  directly  the  demand  exceeds  the  capabilities  of  the  small  stor¬ 
age  battery  employed  at  other  times.  The  same  or  the  converse 
principle  is  applied  to  the  utilisation  of  small  water-power  de¬ 
velopments,  particularly  on  low  falls  with  irregular  flow.  A 
suitable  turbine  is  coupled  to  an  induction  generator  (§  144),  and 
the  latter  is  switched  automatically  in  parallel  with  an  existing 
transmission  system  whenever  the  load  on  the  system  demands 
additional  generator  capacity  or  whenever  there  is  sufficient  water¬ 
power  available  to  justify  operation  of  the  set,  as  the  case  may  be. 
Wind-power  (§  165)  may  be  utilised  in  the  same  way.  Attendance 
costs  are  practically  eliminated  by  the  automatic  gear  *  and,  in 
the  case  of  low  falls,  the  dams  erected  for  automatic  generating 
stations  may  be  useful  in  flood  prevention  and  irrigation. 

188.  Utilisation  of  Waste  Heat.  —  Notwithstanding  such 
advances  as  the  use  of  regenerative  furnaces  in  the  iron  and  steel 
industries  and  of  continuous  kilns  in  ceramic  manufactures,  it  is 
probable  that  80  or  90  °/0  of  the  heat  value  of  all  coal  burnt 
is  wasted.  For  the  reasons  explained  in  §  166,  the  heat  engine 
cycle  is  inherently  and  inevitably  wasteful.  The  fact  that 
the  absolute  zero  of  temperature  is  far  below  atmospheric  tem¬ 
perature  places  a  low  and  definite  limit  upon  the  maximum 
efficiency  of  even  a  ‘perfect  engine/  Hitherto,  effort  has  been 
concentrated  mainly  upon  raising  the  efficiency  of  actual  engines^ 
as  near  as  possible  to  the  theoretical  value,  and  in  this  work^&V 

*  For  discussions  as  to  the  possibilities  of  automatic  generating  station^^hef/ 
descriptions  of  successful  installations  see  Gen.  El.  Rev.,Y ol.  22,  pp.  846,  960^  963. 
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great  measure  of  success  has  been  attained  (§  167).  An  increasing 
amount  of  attention  is  now  being  given,  however,  to  the  utilisa¬ 
tion  of  c low  grade’  heat  in  the  exhaust  steam  or  gases  from 
engines,  and  in  this  field  there  are  possibilities  of  far  greater 
savings  than  could,  by  any  means,  be  effected  in  the  prime  movers 
themselves. 

For  example,  suppose  that  1  000  000  kWh  are  generated  in  a  certain  time  by 
ten  100  kW  steam  engine  driven  sets  operating  at  8  %  thermal  efficiency.  The 
heat  consumption  of  these  sets  would  be  3  412  x  10s  /0'08  =  4  26  x  1010  B.Th.U. 
If  the  same  quantity  of  energy  were  developed  by  a  20  000  kW  turbo-set  operating 
at  28%  thermal  efficiency  the  heat  consumption  would  be  3  412  x  108  /  0‘28  = 
1*22  x  1010  B.Th.U.,  the  generator  losses  being  neglected  in  both  cases.  Thus,  by 
going  from  about  the  lowest  to  about  the  highest  thermal  efficiency  in  the  steam 
prime  mover  there  is  effected  a  saving  of  (4‘26  —  1*22)  1010  =  3*04  x  10*°  B.Th.U. 
If  now  the  100  kW  steam  engine  sets  be  arranged  so  that  the  heat  in  the  exhaust 
steam  is  utilised  in  hot  water  supply  and  for  heating  rooms,  etc.,  the  overall 
thermal  efficiency  of  these  sets  may  be  raised  to  60  %  by  the  utilisation  of 
(60  -  8)  %  of  4-26  x  1010  B.Th.U.  (=  2*21  x  1010  B.Th.U.)  in  the  form  of  low- 
temperature  heat.  This  saving  amounts  to  2*21  /3*04  =  72-5  %  of  the  saving 
which  could  be  effected  by  the  use  of  the  20  000  kW  set.  A  corresponding  saving 
could,  of  course,  be  effected  in  the  20  000  kW  set  by  similar  utilisation  of  low- 
temperature  heat. 

As  thus  considered,  the  example  shows  how  small  engines  with  utilisation  of 
low-temperature  heat  may  approach  or  surpass  the  efficiency  of  modern  super¬ 
stations  (without  low-temperature  heat  recovery).  The  super-station  still  shows 
a  considerable  saving  in  heat  consumption  for  given  electrical  output,  hut  the  small 
sets  are  also  carrying  a  large  heating  load  and  giving  high  overall  efficiency  under 
conditions  to  which  a  large  turbo-set  might  be  inapplicable,  e.g.  it  by  no  means 
follows  that  ten  100  kW  installations  could  he  served  from  a  20  000  kW  set. 

The  distinction  between  the  two  cases  is  shown  clearly  by  considering  the 
output  from  equal  coal  consumption  instead  of  the  heat  consumption  for  equal 
electrical  output.  From  100  tons  of  coal  the  small  engines  would  yield  the 
equivalent  of  8  tons  as  electrical  energy  and  of  52  tons  as  low-temperature  heat, 
whereas  the  turbo-set  would  yield  the  equivalent  of  28  tons  as  electrical  energy 
(neglecting  generator  losses  as  before).  The  net  waste  would  be  40  tons  of  coal  in 
the  first  case  and  72  tons  in  the  second,  but  the  turbo-set  would  yield  28  /  8  = 
3$  times  as  much  electrical  energy  as  the  engine  sets,  and  the  advantage  of  the 
latter,  under  the  conditions  considered,  would  depend  upon  there  being  use  for 
the  equivalent  of  52  tons  of  coal  in  the  form  of  low-grade  heat.  It  must  again  be 
emphasised  that  the  relative  inferiority  of  the  turbine  in  the  case  considered  is 
due  to  its  being  operated  without  utilisation  of  low-grade  heat. 

The  general  possibilities  and  difficulties  of  utilising  waste 
heat  will  be  seen  from  the  preceding  example.  In  every  heat 
engine  installation  there  is  more  than  50  0/o  (generally  more  than 
75  %)  of  the  total  heat  consumption  which  can  be  utilised  if  there 
is  a  sufficient  demand  for  low-temperature  heat.  Given  this 
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demand  it  is  generally  a  very  profitable  proposition  to  meet  it  by 
using  rejected  engine  heat.  In  America,  many  central  stations 
distribute  hot  water  or  low-pressure  steam  for  ‘  district  heating,’ 
but  in  this  country  the  milder  climate,  the  more  scattered  com¬ 
munities,  and  the  national  preference  for  a  glowing  fire  militate 
against  the  commercial  prospects  of  such  a  scheme.  Nevertheless, 
the  cost  of  pipe  lines  is  not  prohibitive,  the  losses  in  distribution 
are  low  (in  some  American  installations  the  consumers  receive 
83  °/o  of  the  steam  leaving  the  station),  and  the  possible  saving  in 
fuel  is  so  great  that  experimental  installations  in  densely  popu¬ 
lated  areas  are  certain  to  be  made  and  are  likely  to  be  successful. 
The  supply  of  exhaust  steam  to  adjoining  establishments  for 
industrial  purposes  is  already  practised  in  this  country.*  If  high- 
pressure  steam  is  required  for  such  purposes  it  can  be  obtained 
by  raising  the  hack  pressure  of  the  engine  or  turbine  (§  176) ;  in 
other  words,  the  prime  mover  is  used  as  an  energy -yielding 
pressure-reducing  device, -f  and  the  electrical  energy  is  a  by¬ 
product  reduced  in  amount,  compared  with  the  output  obtainable 
by  full  expansion,  but  obtained  in  conjunction  with  high  overall 
thermal  efficiency.  Waste  heat  boilers  are  now  commonly  fitted 
to  the  exhaust  of  large  gas  engines  (§  181).  The  most  difficult 
class  of  waste  heat  to  utilise  is  the  low-temperature  heat  in  the 
circulating  water  of  turbine  condensers ;  so  long  as  the  present 
practice  is  followed  of  developing  as  much  power  as  possible  in 
the  turbine,  by  continuing  the  expansion  to  the  highest  attainable 
vacuum,  the  rejected  heat  is  bound  to  be  at  very  low  temperature 
(about  95°  F.,  35°  C.),  and  the  most  promising  application  J  yet 
suggested  for  this  heat  is  in  warming  greenhouses  and  in  heating 
the  soil  of  market  gardens  for  forced  crops. 

189.  Choice  of  Type  and  Power  of  Prime  Movers. — This 
problem  is  one  of  many  parts  all  of  which  are  correlated  to  such 
an  extent  that  a  final  solution  in  any  particular  case  can  only  be  ob¬ 
tained  by  comparing  several  alternative  equipments.  Having  deter¬ 
mined  the  probable  maximum  demand  (M.D.)  in  kilowatts  (Chapter 

*  Information  concerning  British  and  American  installations  for  the  utilisa¬ 
tion  of  exhaust  heat  is  to  be  found  in  papers  and  a  joint  discussion.  Jour . 

Yol.  60,  pp.  265-86. 

t  Small  turbo-generators  up  to  100  kW  output  are  thus  used  instead  of 
throttle  valves  in  sugar  refineries. 

^The  possibilities  of  this  scheme  are  discussed  by  H.  M.  Sayers,  El.  Bet 
VoL  90,  p.  115. 
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11),  the  question  of  probable  extensions  must  be  considered.  If 
the  installation  is  a  large  one  extensions  may  be  met  by  installing 
additional  generator  sets,  but  in  the  case  of  a  small  plant  the  full 
capacity  should  be  laid  down  at  the  start,  the  probable  kilowatts 
M.D.  of  the  extensions  being  added  to  that  already  determined. 
If  a  secondary  battery,  capable  of  keeping  the  installation  at  work 
for  a  whole  day,  is  included  in  the  scheme,  a  single  generating 
set  may  be  sufficient  in  small  installations ;  but  it  is  very  seldom 
advisable  to  attempt  running  without  spare  plant.  In  out-of-the- 
way  places,  a  serious  break-down  may  mean  a  delay  of  weeks  in 
effecting  repairs  or  obtaining  spare  parts.  Two  identical  gener¬ 
ating  sets,  each  capable  of  running  the  whole  of  a  small  installa¬ 
tion,  are  generally  advisable.  If  the  plant  is  of  moderate  size, 
three  identical  sets  are  recommended :  one  to  work  at  times  of 
light  load  beyond  the  capacity  of  the  battery,  two  to  work 
together  at  times  of  heavy  load,  and  the  third  as  spare ;  in  yet 
larger  plants,  at  least  two  reserve  sets  are  required  so  that  there 
may  always  be  one  set  ready  for  immediate  service  whilst  the 
other  is  undergoing  overhaul  or  repair.  If  a  battery  is  not  in¬ 
stalled,  and  the  plant  is  large  enough  to  warrant  it,  a  small  petrol 
or  oil-driven  generator  is  useful  for  the  light-load  hours,  as  it  will 
work  at  higher  efficiency  than  a  larger  set  only  lightly  loaded. 
Generally  speaking,  for  very  small  installations,  an  oil  engine  set 
and  battery  is  the  best  equipment,  or  alternatively  a  suction-gas 
plant  with  gas  engine  and  battery.  For  larger  installations 
the  relative  prices  of  oil  and  coal  must  determine  whether  a 
Diesel  oil  engine  or  a  steam  engine  is  the  best  prime  mover. 
With  the  exception  of  large  industrial  establishments,  isolated 
installations  are  seldom  large  enough  to  warrant  the  use  of 
steam  turbines,  and  the  use  of  water  power  is  necessarily  re¬ 
stricted  by  natural  conditions,  apart  from  the  high  cost  of  its 
development. 

Allowance  must  be  made  for  the  relative  cost  of  the  fuel  em¬ 
ployed  when  comparing  prime  movers  of  different  thermal 
efficiencies  (Table  15,  §  167),  for  example,  an  engine  using  25  °/c 
of  the  heat  value  of  oil  at  £4  per  ton  will  cost  as  much,  for  fuel, 
as  a  steam  engine  utilising  12*  %  of  the  heat  from  coal  at  £2  per 
ton.  In  addition,  the  capital  and  maintenance  charges  per  kWh 
must  be  considered ;  saving  in  capital  cost  is  important  where  the 
load  factor  is  low,  and  in  running  costs  where  the  load  factor  is 
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high  (§§  263,  264).*  As  a  general  guide  it  may  be  taken  that 
suction  gas  or  oil  engines  are  cheapest  for  outputs  up  to  100  kW * 
for  higher  outputs  up  to  400  kW  or  so,  the  Toco  mobile  5  steam 
boiler  and  engine  can  hardly  he  beaten  for  convenience  and 
economy,  though  it  has  keen  competitors  in  the  Diesel  and  semi- 
Diesel  engines.  Similarly,  for  outputs  from  500  to  1  500  kW 
the  uniflow  and  Lentz  engines  are  rivalled  closely  by  Diesel  and 
semi-Diesel  engines ;  with  cheap  oil  the  Diesel  and  semi-Diesel 
engines  would  be  at  a  considerable  advantage. 

Comparing  steam  engines  and  steam  turbines,  up  to  about 
1  000  kW  there  is  no  advantage  in  using  steam  turbines,  either 
in  prime  cost  or  efficiency.  Table  21  gives  the  approximate  steam 
consumption  (lbs.  per  kWh)  and  cost  F.O.B.  in  British  port  of 
modern  combined  sets  (prime  mover  and  generator)  of  both  types 
in  three  sizes,  including  condensers  and  exciters,  assuming  super¬ 
heated  steam  at  175  lbs.  pressure  and  working  with  a  vacuum  of 
27  ins.  ( see  also  Table  27,  §  195). 


Table  21. — Cost  of  Combined  Sets  (Steam). 


Size. 

400  kW. 

500  kW. 

1  000  kW. 

Turbine. 

Engine. 

Turbine. 

Engine. 

Turbine. 

Engin  e. 

Total  cost  (pre-war)  f 

£ 3  120 

1  £2  640 

£3  300 

£3  200 

£4  800 

£6  000 

Cost  per  kW  (pre-war)f 

£7'80 

46'60 

£6 ’60 

£6'40 

£4-80 

£6-00 

Steam  consumption 
(lbs.  per  kWh) — 
Pull  load 

19-1 

17*2 

16*3 

16*6 

15*3 

16*0 

§-load 

207 

17*6 

17*5 

17*0 

16*1 

16*3 

^-load 

22-9 

19*0 

19*1 

18*5 

17*9 

17*7 

For  outputs  exceeding  1  000  to  1  500  kW  the  steam  turbine  is 
generally  the  most  economical  prime  mover,  hut  large  gas  engines 
can  be  used  to  advantage  where  coke-oven  or  other  cheap  gas 
is  available,  especially  if  the  annual  load  factor  (§  261)  be  high, 
say,  50  °/0  or  over. 

The  economic  advantage  of  coking  coal  amenable  to  this  process,  and  recover¬ 
ing  the  by-products  of  the  distillation,  has  already  been  pointed  out  (§  169).  Sur¬ 
plus  gas  from  coke  ovens  may  be  utilised  in  gas  engines,  or  it  may  be  burnt  under 

*  An  article  on  4  The  Choice  of  Prime  Movers,’  by  K.  Baumann,  Brit. 
Westinghowe  Gaz .,  1914,  1915,  dealt  with  the  problem  in  detail,  and  gave  many 
charts  and  tables  which  could  easily  be  brought  up  to  date. 

f  Pre-war  and  post-vyar  costs  are  compared  in  Table  27. 
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steam  boilers  (preferably  of  the  Bonecourt  type,  §  170).  The  former  course  may 
appear  more  direct  and  efficient,  but  steam  turbines  can  be  built  in  much  larger 
units  than  gas  engines  (§  179) ;  also,  they  occupy  much  less  space  and  can  be 
used  with  alternators  of  higher  speed  and  therefore  more  economical  construction. 
It  is  often  overlooked  that  large  modern  steam  boiler  and  turbine  plant  yields  an 
overall  thermal  efficiency  comparing  favourably  with  that  of  gas  engines  on  full 
load  (Table  15,  §  167),  whilst  on  low-load  factors  advantage  certainly  rests  with 
the  steam  plant/  In  the  Powell  Dufiryn  collieries  (Sparks,  Jour.  I.E.E. ,  Yol.  53, 
pp.  389  et  seq.),  certain  1  500  lcW  coke-oven  gas  engine  and  alternator  sets  averaged 
12*8  B.Th.IJ.  per  Wh  on  full  load  (corresponding  to  26J  °/Q  thermal  efficiency),  as 
compared  with  20*3  B.Th.U.  per  Wh  (16*8  °/0  thermal  efficiency)  in  the  case  of  a 
modern  5  000  kW  turbo-alternator ;  in  this  particular  case  it  was  possible  to  so 
distribute  the  total  load  that  the  gas  plant  operated  under  72  °/0  annual  load 
factor. 

The  fine  reciprocating  engines  of  3  000-5-000  kW  capacity  set 
to  work  in  the  early  years  of  this  century  were  speedily  rendered 
obsolete  by  the  lower  steam  consumption  of  the  steam  turbine,  and 
the  latter  is  at  present  unchallenged  as  the  prime  mover  in  the 
largest  fuel-burning  stations,  where  units  exceeding  5  000  kW  are 
required.  In  such  stations  it  is  generally  found  that  15  000- 
20  000  kW  is  the  most  economical  size  of  unit.  In  very  large 
stations,  larger  units  may  be  justified,  the  best  size  being  then 
30  000-35  000  kW,  but  the  cost  of  keeping  reserve  units  to  elimin¬ 
ate  the  risk  of  wholesale  interruption  of  supply  (in  the  event  of 
break-down  in  such  large  sets)  then  becomes  a  serious  considera¬ 
tion. 

The  total  generator  capacity  in  any  power  house  is  usually 
between  50  and  70  °/c  (or,  say,  two- thirds)  of  the  total  kW 
capacity  of  current-consuming  devices  connected  to  the  station. 
Not  less  than  25  °/Q  of  spare  plant  (reckoned  on  that  required  to 
supply  the  maximum  demand)  is  the  minimum  for  security  of 
supply,  and  a  50  °/0  margin  is  desirable  if  the  demand  is  growing 
rapidly ;  as  already  stated  there  should  be  at  least  two  largo  sets 
in  reserve  to  allow  for  one  set  being  dismantled. 

190.  Selection  of  Units  for  Service. — In  any  existing  power 
house  there  is  opportunity  for  effecting  a  saving  by  judicious 
selection  of  the  plant  put  in  service  to  supply  any  particular  load. 
The  total  capacity  of  the  working  sets  must  exceed  the  actual 
load  by  a  reasonable  margin  (depending  on  the  probable  load 
within  the  next  %  hr.  or  1  hr.,  which  can  be  predicted  with 
sufficient  accuracy  from  the  known  form  of  the  daily  load  curve). 
There  are  generally  available  several  combinations  of  sets  which 


The  installation  shown  comprises  two  400  kW  Beiliss  compound  engines,  each 
xhausting  to  a  350  kW  mixed  pressure  turbine  and  condensing  plant  made  by  the 
:ime  firm.  The  overall  efficiency  of  reciprocating  engines  exhausting,  at  atmos- 
heric  pressure,  to  condensing  turbines  is  high,  and  the  combination  is  flexible  in 
peration.  Normally  the  engine  and  mixed  pressure  turbine  are  run  in  conjunction, 
lit  the  engine  can  be  run  independently — exhausting  to  atmosphere  or  straight  to 
he  condenser.  The  turbine  can  also  be  used  independently,  and  it  can  utilise  any 
)w-pressure  steam  which  may  be  available,  e.(j.  the  exhaust  from  steam  hammers. 
>y  adding  mixed  pressure  turbines  to  an  existing  installation  of  recijnocating 
ngines,  the  output  and  efficiency  of  the  plant  can  be  increased. 


[To  face  p.  282. 
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Electrical  Recorder  and  Resistance  Thermometers. 

This  recorder  makes  four  records  simultaneously,  e.g.  CO,  percentage,  and  feed 
water,  flue  gas,  and  steam  temperatures  The  pointers  of  two  gaivaumneters  resistor 
their  positions  at,  say,  1  min.  intervals  by  being  depressed  automatically  on  to  inla 
threads  of  distinctive  colours.  The  percentage  of  CO- is  measured  by  a  bridge  r 
depending  on  the  different  rates  of  cooling  of  similar  hot  wires  m  air  and  m  the  line 
gas  respectively.  The  resistance  thermometers  are  protected  m  various  ways  to  suit 
service  conditions ;  that  in  the  centre  is  for  measuring  air  temperatures  indoors,  and 
the  other  is  for  positions  under  pressure,  such  as  steam  or  bearing  temperatures. 


Muthrr  (I’  Platt ,  Ltd. 


Double  Current  (A.C.  and  D.C.)  Generating  Set. 

It  is  necessary  in  many  districts  to  supply  A.C.  to  some  consumers  and  D.C.  to 
others.  In  such  cases,  the  steam  consumption  can  often  be  reduced  by  using  a 
single  turbine  to  drive  both  types  of  generator.  The  illustration  shows  a  steam 
turbine  driving  a  750  kW,  833  kVA,  2  200  V,  100-cycle,  single  phase  alternator,  and 
a  500  kW,  550  V,  D.C.  generator.  The  small  machine  at  the  end  of  the  shaft  is  an 
‘  overhung  ’  exciter. 


[To  face  p.  283. 


POWER  PLANT  DEVELOPMENT  AND  DATA  §  191 

would  provide  the  desired  total  capacity  and,  where  possible,  that 
combination  should  be  used  which  consumes  least  steam.  The 
‘  Willans’  line  ’  should  be  plotted  for  each  generating  set  showing 
the  steam  consumption  per  hr.  (including  the  consumption  in 
auxiliaries)  as  a  function  of  the  output  in  kW.  Thence  a  table  or 
a  chart  can  be  prepared  to  show  at  once  the  most  economical 
combination  of  sets  for  any  particular  load.  On  a  falling  part  of 
the  load  curve  the  sets  in  service  may  be  overloaded  temporarily 
but,  if  a  peak  load  is  approaching,  allowance  must  be  made  for 
this  when  deciding  upon  the  sets  to  be  placed  in  commission. 

In  large  modern  stations,  and  particularly  in  those  intercon¬ 
nected  with  other  systems  (§  186),  a 'load  despatch er  ’  is  given 
full  information  concerning  the  service  characteristics  of  all 
machines  and  stations,  and  being  in  telephonic  communication 
with  all  parts  of  the  system,  he  is  made  responsible  for  the  putting 
of  plant  in  and  out  of  service  and  for  all  main  switching  operations. 

191.  Power  House  Losses ;  Overall  Efficiency. — The  over¬ 
all  efficiency  of  electricity  stations  is  commonly  expressed  in  terms 
of  the  fuel  consumed  per  kWh  generated.  Statistics  prepared 
on  this  basis  by  the  Electricity  Commissioners  are  summarised  in 
Table  22 ;  the  average  coal  consumption  per  kWh  generated  in 
steam  stations  was  3*11  lbs.  in  1921-22  (396  stations). 

As,  however,  the  calorific  value  of  the  coal  burnt  varies  widely 
(say  from  10  000  to  13  000  B.Th.TJ.  /lb.),  such  data  are  of 
limited  value,  and  it  is  much  better  to  state  the  efficiency  in  terms 
of  the  heat  consumption  per  kWh  generated.  The  heat  equivalent 
of  1  kWh  is  3  412  B.Th.U.,  hence  a  consumption  of  311  lbs.  of 
coal  (of  calorific  value  10  500  B.TLU.  /  lb.)  per  kWh  corresponds 
to  a  heat  consumption  of  3T1  x  10  500  =  32650  B.ThTJ.  /  kWh, 
and  an  overall  thermal  efficiency  of  3  412  x  100  /  3*11  x  10  500  = 
10*  %  approx.  About  20  000  B.ThU./kWh  is  consumed  in  average 
large  modern  stations  with  steam  turbo-alternators  operating  at, 
say,  50  %  load  factor,  and  17  000-17  500  B.Th.U.  f  kWh  (i.e.  20- 
19*5  %  thermal  efficiency)  is  about  the  best  result  which  can  be 
obtained  in  such  stations.  Assuming  that  20  %  of  the  heat  value 
of  the  coal  is  delivered  to  the  bus  bars  as  electrical  energy,  the 
distribution  of  the  80  °/0  lost  is  roughly  as  follows  (in  percentage 
of  heat  input  at  the  grate*):  Boiler  losses  20  °J0;  rejected  in 


*  These  percentages  must  not  be  confused  with  the  percentages  of^  loss  in 
terms  of  the  input  to  the  individual  parts  of  the  system;  for  instance,  the 


Table  22. — Fuel  Consumption  of  Generating  Stations  in  Great  Britain. 
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Note. — Where  the  calorific  value  of  the  fuel  was  not  specified  on  the  returns,  the  following  average  values  (B.Th.U.  /  lb.  throughout) 
were  used  for  calculating  the  thermal  efficiency  :  Coal  (for  steam  stations),  10  500  ;  anthracite  (for  gas  producer  stations),  13  000  ;  coke  (for 
steam  and  gas  producer  stations),  6  000  ;  oil  (for  steam  and  oil  engine  stations),  18  000. 
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condenser  52  °/o ;  mechanical  losses  in  turbine  5  % ;  alternator  and 
transformer  losses  1  %  ;  losses  in  auxiliary  services  2  °/  (se6 
Table  24,  §  193). 

According  to  W.  M.  Selvey  (El.  Rev.,  Vol.  91,  p.  727)  the 
maximum  efficiencies  which  can  be  expected  in  new  plants  are 
as  in  Table  23 ;  these  are  higher  than  the  efficiencies  at  present 
realised  and  represent  possibilities  in  the  future  for  plants  de¬ 
signed  to  take  full  advantage  of  present-day  experience. 

Table  23. — Probable  Limits  of  Efficiency  in  Steain-Driven 
Generating  Stations. 


New  Stations  with 
Generating  Sets  of 
(Each). 

Largest 
Stations 
with  High 
Pressure 
Steam  and 
Inter¬ 
heating. 

3  000  kW. 

6  000  kW. 

(a)  Boiler  efficiency . 

0-78 

0-81 

0*85 

(5)  Thermo- dynamic  efficiency  of  turbine  cycle 

0-34 

0-36 

0*40 

(cj  Mechanical  efficiency  of  turbo-generator 

0*70 

0-73 

0*85 

(a)  Ratio  of  kWh  at  bus  bars  to  kWh  generated  * 

0*75 

0-80 

0-85 

Overall  efficiency  (=  a  x  b  x  c  x  d) . 

I  0*139 

0-170 

0*245 

B.Th.U.  /  kWh  at  bus  bars  . 

24  550 

20  050 

13  930 

From  Chapters  6  and  11  it  will  be  clear  that  load  factor  is  of 
the  utmost  importance  in  determining  the  overall  efficiency  of 
power  plants  (see  also  §  217).  In  general,  gas  and  oil  engine 
plants  are  affected  more  adversely  than  steam  plants  by  low  load 
factor  because  the  efficiency  of  internal  combustion  engines  falls 
off  more  rapidly  at  fractional  loads,  but  this  can  be  compensated 
to  some  extent  by  the  installation  of  a  suitable  range  of  sizes ; 
advantage  is  then  derived  from  the  fact  that  internal  combustion 
engines  have  no  stand-by  losses. 

When  comparing  the  consumption  of  (say)  17  500  B.Th.U.  / 
kWh  in  a  large  modern  station  with  the  22  500  B.Th.TJ.  /  kWh 
attainable  in  a  small  isolated  plant  it  must  be  remembered  that 
the  distribution  of  energy  from  the  large  station  involves  at  least 


mechanical  loss  in  the  turbine  =  5  %  of  the  coal  value,  but  5  x  100  /  (100  -  20 
-  52)  =  17*9  °/0  of  the  input  to  the  turbine  after  deducting  the  boiler  and  con¬ 
denser  losses  (see  also  §  193). 

*  Allowing  for  consumption  in  station  auxiliaries  and  for  operation  and 
machine  load  factor  losses. 


not* 
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two  pressure  transformations  (possibly  four)  and  also  the  losses 
in  the  transmission  line.  Allowing  for  three  transformations 
(each  at  98  %  efficiency)  and  for  10  %  loss  in  transmission,  the 
overall  efficiency  from  station  to  consumer  is  0*98  x  0‘98  x  0‘9  = 
0*865,  and  the  17  500B.Th.U.  /  kWh  generated  becomes  17  500/ 
0*865  =  20  200  B.Th.U.  /  kWh  delivered.  Allowing  also  for  the 
easier  utilisation  of  heat  from  private  power  plant  (§  188)  it  will 
be  seen  that  the  supposed  advantages  of  centralisation  may  be 
reduced  or  even  non-existent  (§  185).  In  many  instances  a  good 
case  could  be  made  for  decentralisation. 

192.  Control  of  Power  House  Efficiency. — The  complete 
determination  of  power  house  efficiency  involves  the  installation 
of  measuring  instruments  on  every  piece  of  the  equipment, 
the  taking  of  readings  at  frequent,  regular  intervals,  and  the 
calculation  of  results  therefrom.  The  trouble  and  expense  of  ob¬ 
taining  these  results  is  justifiable  in  large  stations,  provided  that 
the  information  derived  is  applied  to  the  improvement  and 
maintenance  of  efficiency.  In  smaller  stations  a  less  elaborate 
procedure  is  required,  but  some  definite  record  and  comparison  of 
fuel  consumption,  water  consumption,  and  electrical  output  should 
always  be  maintained,  in  addition  to  suitably  tabulated  records 
of  expenditure  on  oil,  general  stores,  repairs,  etc.  Probably  the 
simplest  and  best  method  of  controlling  the  overall  efficiency  of  a 
steam-driven  station  is  as  follows :  *  The  weights  of  coal  burnt 
and  of  water  evaporated  per  shift  are  plotted  (on  separate  sheets) 
against  the  kWh  generated.  After  doing  this  for  a  fortnight  or 
so  it  will  be  found  that  straight  lines  can  be  drawn  showing  what 
is  an  average  consumption  of  coal  and  water  for  any  output  (kWh) 
per  shift.  The  lines  will  cut  the  axis  of  coal  or  water  above  the 
zero  point  and  will  there  show  the  minimum  consumption  of  coal 
and  water  respectively  required  to  keep  the  plant  ready  for  service 
but  with  no  kWh  output  at  the  bus  bars.  Once  these  lines  are 
obtained  the  coal  and  water  consumptions  for  each  shift  are  com¬ 
pared  with  the  ‘  standard  ’  value  for  the  kWh  concerned.  Un¬ 
usually  high  coal  consumption  means  that  the  boilers  have  been 
mismanaged,  or  that  inferior  coal  has  been  used,  or  that  steam 
has  been  wasted  by  blowing  off,  etc.  In  the  latter  event  the  point 

*  For  a  full  explanation  with,  examples  see  brochure  on  ‘  The  Coal  Consumption 
of  Power  Plants  and  Bonuses  for  Coal  Saving,’  by  R.  H.  Parsons  (Electrical 
Review,  Ltd,). 
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plotted  on  the  water  chart  will  be  above  the  normal  line.  The 
primary  function  of  these  charts  is  to  call  immediate  attention  to 
abnormal  results  so  that  they  may  subsequently  be  striven  for  if 
good  or  avoided  if  bad  If  the  general  indication  afforded  by  the 
charts  is  followed  up  by  an  intelligent  search  for  causes  of  in¬ 
efficiency,  it  will  soon  be  possible  to  establish  fresh  standard  lines 
corresponding  to  higher  overall  efficiency. 

Useful  suggestions  for  the  compilation  of  statistical  reports  on 
a  basis  permitting  direct  comparison  between  different  plants  are 
given  by  W.  S.  Gorsuch,  Jour.  Amer.  LE.E. ,  Feb.,  1920. 

Comparison  between  the  weight  of  water  fed  to  boilers  and 
the  amount  of  steam  fed  to  the  main  turbines  (or  the  weight  of 
condensate  from  the  latter)  leads  to  detection  of  excessive  con¬ 
sumption  in  auxiliaries.  Steam  turbines  should  be  tested  over 
their  full  range  of  load  every  few  months  in  order  to  detect 
deterioration  of  blading,  etc. 

193.  Relative  Importance  of  Efficiency  in  Various  Parts  of 
Plant. — The  coal  bill  represents  from  50-75  °/0  of  the  total 
working  costs  ( i.e .  cost  excluding  capital  charges)  in  most  of  the 
stations  in  Great  Britain,  hence  reduction  in  the  fuel  consumption 
is  one  of  the  most  valuable  economies  which  can  be  effected. 
The  importance  of  small  differences  in  steam  consumption  of 
large  generating  sets,  and  certain  risks  attached  to  assessing  the 
value  thereof,  are  brought  out  by  the  following  excerpt : — 

A  10  000  kW  turbo-generator  loaded  to  an  average  of  7  500  kW  for  8  000  hrs. 
per  annum  will  supply  60  000  000  kWh  per  annum.  A  variation  of  1  %  *n  th*3 
output,  on  a  coal  cost  of  0*15d.  per  kWh,  equals  £375  per  annum,  which  is  equi¬ 
valent  to  £3  000  on  an  8-year  life.  One  set  may  consume  12-5  lbs.  steam  per  kWh 
and  cost  £25  000.  If  a  second  set  be  offered,  consuming  only  11*5  lbs.  per  kWh 
(i.e.  8  0/o  less),  it  is  worth  £24  000  more  than  the  first  set,  but  the  actual  difference 
in  cost  of  manufacture  will  be  no  more  than  £2  000  or  £3  000  [pre-war].  Naturally, 
substantial  bonuses  or  penalties  are  offered  or  imposed  for  high  or  low  steam  con¬ 
sumption  respectively.  Large  sums  of  money  thus  depend  on  the  accuracy  of  test 
figures,  which  may  be  3  °/D  or  4  %  in  error,  while  the  actual  sums  are  often  given 
in  terms  of  one-tenth  of  a  lb.  of  steam  per  kWh,  i.e.  less  than  1  °/0  of  the  total 
consumption  (W.  M.  Selvey,  Jour.  I.E.E. ,  Vol.  53,  p.  109). 

It  should  be  noted  that  the  value  of  1  %  higher  efficiency  in 
any  piece  of  apparatus  varies  with  the  actual  efficiency  of  the 
latter.  Doubling  the  efficiency  of  any  step  in  the  train  of  con-  * 
versions  between  the  coal  pile  and  the  bus  bars  would  halve  the 
coal  bill  .for  given  kWh  output ;  for  example,  the  coal  con¬ 
sumption  /  kWh  would  be  halved  by  increasing  the  efficiency  of 
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any  piece  of  the  apparatus  from  10  to  20  %,  from  20  to  40  °/c,  or 
from  40  to  80  °/0  but  the  increase  in  the  percentage  efficiency  of 
the  apparatus  itself  would  be  10  %>  20°/o,  and  40  %  in  the  re¬ 
spective  cases.  This  shows  that  1  %  increase  in  apparatus 
efficiency  is  more  valuable  the  lower  the  initial  efficiency  (see 
col.  7,  Table  24).  On  the  other  hand,  the  percentage  gain  in 
overall  efficiency  (reckoned  from  the  coal  pile)  per  1  °/o  increase 
in  apparatus  efficiency  decreases  with  the  energy  input  to  the 
apparatus  concerned  (see  col.  6,  Table  24).  For  example,  the 
input  to  the  boiler  (Table  24)  is  100  B.Th.U.,  and  increasing 
the  boiler  efficiency  from  80  to  81  °/0  results  in  1  °/0  higher 
overall  efficiency  and  in  100  [1  -  (80  /  81)]  =  1*25  °/0  saving  in 
coal ;  *  at  the  turbine  the  input  is  79'2  B.Th.U.,  and  the  effect  of 
raising  the  turbine  efficiency  from  27  °/0  to  28  °/0  is  to  raise  the 
overall  efficiency  (coal  to  turbine  shaft)  by  0*8  °/Q ,  but  the  saving 
in  coal  for  equal  output  at  the  turbine  shaft  is  100  [1  -  (27  /  28)] 

-  3-5  70- 

Table  24. — Approximate  Distribution  of  Losses  in  an  Elec¬ 
trical  System  and  Relative  Value  of  Efficiency  Improve¬ 
ments. 


Apparatus. 

Assumed 

Efficiency 

of 

Apparatus 

7- 

Equivalent  Heat  Units. 

Effect  of  1  °J0  Higher 
Apparatus  Efficiency. 

Input. 

Lost. 

Output 
( ss  overall 
Efficiency 
from  Coal 
Pile). 

Increase  in 
Overall 
Efficiency 
from  Coal 
Pile,  °/0. 

Saving  in 
Coal  Con¬ 
sumption 
for  Equal 
Output,  %. 

Boiler  .... 

80 

100 

20 

80 

1*00 

1*25 

Steam  pipes 

99 

80 

0*8 

79*2 

0*80 

1*00 

Turbine 

27 

79*2 

57-8 

21-4 

0*77 

3*57 

Alternator  . 

95 

21*4 

1*1 

20*3 

0*24 

1*05 

Step-up  transformer  . 

98 

20'3 

0-4 

19*9 

0*20 

1*01 

H.T.  mains  . 

90 

19*9 

2*0 

17-9 

0*20 

1*10 

Step-down  transformer 

98 

17*9 

0*4 

17-5 

0*18 

1*01 

L.T.  Cables  . 

98 

17*5 

0*3 

17*2 

0*18 

1*01 

Motor  .... 

90 

17*2 

1*7 

15-5 

i 

0*18 

1*10 

In  choosing  between  alternative  plants  which  may  be  available, 
the  loss  in  each  plant  should  be  plotted  to  the  same  base  as  the 
load  curve,  the  loss  being  calculated  (for  each  load  shown  by  the 


*  The  saving  in  coal  effected  by  increasing  the  efficiency  of  any  apparatus  from 
*  °/o  to  V  7. is  100  (i  -  %. 
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load  curve)  from  the  appropriate  efficiency  as  shown  on  the  load- 
efficiency  curve  06  the  plant.  That  plant  which  has  the  smaller 
total  area  below  its  daily  loss  curve  will  be  the  more  efficient  in 
the  service  concerned.  It  will  be  found  that  plant  which  has  high 
efficiency  at  low  loads  will  give  particularly  favourable  results 
when  the  load  factor  (§  261)  is  low  ( see  also  §  217). 

194.  Distribution  of  Generating  Costs. — The  cost  of  gener¬ 
ating  electricity  may  conveniently  be  divided  into  fixed  charges 
(principally  interest  on  capital,  and  depreciation)  which  do  not 
vary  greatly  in  total  amount  with  the  kWh  output  per  annum, 
and  working  costs  (principally  for  fuel)  which  increase  roughly  in 
proportion  with  the  kWh  output.  The  capital  charges  /  kWh 
obviously  decrease  as  the  output  increases,  but  the  working 
costs  /  kWh  vary  little  within  a  wide  range  of  output.  Table  25 
(due  to  C.  W.  Charlesworth,  Inc.  Munic.  El.  Assoc.,  1921)  illus¬ 
trates  the  composition  of  the  total  costs  of  electricity  supply  in 
average  central  stations.  It  may  be  stated,  as  a  general  rule,  that 
where  the  load  factor  is  high  fuel  economy  is  the  prime  considera¬ 
tion  ;  the  most  expensive  plant,  with  every  refinement  that  will 
reduce  the  fuel  bill,  will  be  the  best.  On  the  other  hand,  where 
the  load  factor  is  poor,  capital  charges  are  of  far  greater  impor¬ 
tance,  and  a  less  expensive  plant  will  give  the  lowest  running 
charges. 


Table  25. — Composition  of  Total  Costs  of  Electricity  Supply. 


Percentage  of  Total  Cost  in  Year. 

1913-14. 

1916-17. 

1919-20. 

Capital  charges'.  .  .  .. 

36 

30 

31 

Fuel . 

25 

40 

35 

Repairs,  maintenance,  water,  stores,  etc. 

18 

11 

14 

Shift  and  running  wages  .  .  .  •  . 

5 

6 

8 

Local  rates,  management  expenses,  and  salaries 

16 

13 

12 

An  analysis  of  the  distribution  of  working  costs  in  typical 
central  stations  in  Great  Britain  is  given  in  Table  26.  This  is 
based  upon  data  extracted  from  the  Tables  of  Costs  and  Records 
published  by  the  Electrical  Times  ;  the  complete  tables  should 
be  consulted. 
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Table  26. — Analysis  of  Working  Costs ,  etc .,  in  British 
Central  Stations . 

The  figures  given  are  the  averages  for  six  stations  in  each  group  calculated 
from  figures  given  in  the  Electrical  Times  tables,  November  2,  1922.  It  seems 
likely  that  these  costs  may  be  reduced  by  about  25  °/0  during  the  period  1923-25 
(see  also  Table  38,  §  269). 


Total  kWh  sold  per  annum  . 

Plant  capacity,  kW  .... 

/ 1  500  000- 
\  2  000  000 
1  000-2  000 

20  000  000- 
30  000  000 
15  000-25  000 

50000  000- 
150  000  000 

50  000-125  000 

Working  costs  per  kWh  sold,  pence  : — 
Fuel . 

1*42 

0*80 

0*59 

Oil,  waste,  water,  and  stores 

Wages  of  workmen  .... 

0-15 

0-02 

0-02 

0-46 

017 

0*16 

Repairs  and  maintenance  . 

0-56 

0*22 

0*22 

Rent,  rates,  and  taxes 

Management,  salaries,  office  and  legal 
expenses,  insurance,  etc. 

0*19 

015 

0*18 

0*31 

010 

0*12 

Total . 

311 

1*47 

1*31 

kWh  sold  for  private  supply  per  head  of 
population . 

45 

113 

117 

Annual  load  factor  * 

20*1 

20*2 

21*5 

Capital  expenditure  on  whole  system — 

£  /  kW  connected  .... 

31-90 

24*20 

29*70 

£/kW  of  station  plant  capacity 

89-30 

42*80 

49*30 

195.  Capital  Cost  of  Central  Station  Plant.— Under  this 
heading  little  information  can  be  given  owing  to  the  instability 
and  abnormal  level  of  post-war  quotations.  The  figures  in  Table 
27  will  serve  as  a  general  guide,  and  for  further  information  the 
reader  should  refer  to  the  particulars  of  tenders  published  in  the 
technical  press.  During  the  financial  year  1920-21  the  cost  of 
equipment  was  generally  from  three  to  four  times  the  pre-war 
price;  in  1921-22  the  factor  was  about  2-2£:  and  in  1922-23 
about  T75-2.  It  is  probable  that  capital  costs  will  gradually 
settle  down  to  about  50  °/o  above  pre-war  figures. 

In  Power  House  Design  (first  edition)  Sir  John  Snell  gave  the  (pre-war)  costs 
shown  to  the  left  of  Table  28  for  a  25  000  kW  Mond  producer -gas  plant,  and  the 
same  authority  (in  his  presidential  address  to  the  I.E.E.  in  1914)  gave  the  figures 
shown  to  the  right  of  Table  28  as  the  minimum  costs  likely  to  be  attainable  in 

*  Calculated  as  (kWh  sold  per  ann.  x  100)  /  (max.  simultaneous  load  on 
feeders  in  kW  x  hours  of  supply  period)  ( see  also  §  261). 
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Table  27  {Continued). 


§  195 


1  500  kW  set  of  mercury  rectifiers  . 
Switchgear  for  1  500  kW  turbo-alternator  and 
rotary  converter  .  •  •  •  • 

Switchgear  for  complete  station,  5  000  kW  up- 
wards  .  .  .  •  •  •  • 

110-220  V  generating  set  with  switchboard  and 
steam  engine  and  boiler,  or  gas  engine  and 
-producer,  or  oil  engine  .  .  .5-10  kW 

p  20-25  kW 

Gas  engine  plant,  1  000-2  000  kW,  without  am¬ 
monia  recovery,  including  generators,  switch- 

gear,  and  buildings . 

Gas  engine  plant,  10  000-15  000  kW,  with  am¬ 
monia  recovery,  generators,  switchgear,  and 
buildings  .  .  -  •  .  • 

Complete  steam-driven  central  station,  including 
buildings,  10  000-100  000  kW .... 
Complete  hydro-electric  stations  [see  Table  35, 
§216)  •  • 
Substation,  complete  with  transformers  and 
converters,  2  000-5  000  kW  .... 


Per 

Pre-War. 

Post-War, 

1920-23. 

£ 

£ 

kW 

— 

5-8 

kW 

0-25-0-5 

0-5-1-0 

kW 

0*5-1  *0 

1-2 

kW 

50-75 

85-130 

kW 

30-40 

50-70 

kW 

15-20 

25-35 

kW 

15-20 

25-35 

kW 

8-15 

25-30 

kW 

4-7 

7-12 

Table  28. — Pre-War  Costs  of  Large  Gas  and  Steam  Plants. 


Mond  Producer-gas  Plant. 

Per 

kW. 

Modern  Steam  Turbine  Plant. 

Per 

kW. 

Slack  handling,  regenerator  plant, 

£ 

Land,  river  walls,  and  sidings 

£ 

0*25 

and  gas  producer 

1*06 

Buildings,  coal  silos,  foundations, 

2*00 

Acid  towers,  recovery  and  sulphate 

and  cranes  .... 

plant . 

0*68 

Boilers,  economisers,  coal  and  ash 

Steam-raising  plant  and  sundries  . 

0*76 

plant  chimneys  and  mechanical 

3-25 

Gas  engines  and  electrical  plant 

draught  . 

(25  000  kW)  . 

7*60 

Turbo-generators,  condensers,  air 

Pipework,  cooling  towers,  buildings 
and  foundations  .... 

1*88 

filters,  piping,  tanks,  and  switch- 
gear  . 

2-65 

11*98 

8-15 

The  capital  cost  of  existing  central  stations  in  the  United 
Kingdom,  as  represented  by  the  total  capital  investment  divided 
by  the  present  kW  capacity  of  plant  installed,  is  very  heavy  in 
many  cases.  This  is  due  to  various  causes,  among  which  may  be 
noted  heavy  legal  and  Parliamentary  expenses,  costly  purchase  of 
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vested  interests,  extravagance  in  original  buildings,  costliness  of 
early  electrical  apparatus,  failure  to  recognise  and  provide  for  the 
rapidity  with  which  plant  would  become  inadequate  or  obsolete, 
and  failure  or  inability  to  meet  from  revenue  all  charges  which 
should  be  thus  met.  In  the  past  every  central  station  scheme 
has  had  to  start  on  a  relatively  small  scale,  and  this  has  resulted 
in  disproportionately  heavy  capital  expenditure  per  kW  ;  with 
interconnected  stations  and  ‘  superstation  ’  schemes  this  factor  is 
not  operative. 

According  to  the  Electricity  Commissioners'  Report  (1921) 
the  average  capital  expenditure  in  the  United  Kingdom  on  lands, 
buildings,  sidings,  wharves,  etc.,  and  generating  plant  (but  ex¬ 
cluding  distribution  items)  up  to  December  31,  1918,  was  £22*2 
per  kW  installed  for  public  supply  other  than  traction  ( see 
Table  29). 


Table  29. — Generating  Riant  Installed  and  Capital  Expendi¬ 
ture  for  Public  Supply  ( other  than  Traction)  in  the 
United  Kingdom. 


Undertakings. 

Generating 

Average  Capital  Expended  on 
Lands,  Buildings,  Sidings, 
Wharves,  etc.,  and  Generating 
Plant,  Excluding  Distribution 
Items. 

Class. 

Number. 

Installed. 

Local  Authorities — 

kW 

£  /kW 

London  . 

14 

131  791 

25-6 

Rest  of  Great  Britain 

214 

1  290  138 

20*3 

Ireland . 

11 

28  695 

21*8 

Total  .... 

239 

. 

1  450  619 

20*9 

Companies — 

London . 

15 

216  037 

29*1 

Rest  of  Great  Britain 

162 

135  645 

31*8 

Ireland . 

5 

2  801 

45*9 

Total  .... 

182 

354  483 

30*2 

Power  Companies  . 

17 

370  053 

19*6 

Totals  .... 

438 

2  175  155 

22*2 

Referred  to  the  basis  of  load  connected,  the  capital  investment 
in  existing  English  stations  is  often  £25-£35  per  kW  in  large 
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towns,  and  £40-£50  or  more  in  small  towns  (*>■<■  ul.st*  Tahiti 
26,  §  194);  this  figure  gives  the  basis  on  which  the  fixed  rl mrge 
per  kW  demand  should  be  estimated  in  framing  tariffs  t.s*r  £  2#  2). 

196.  Power  House  Buildings;  Space  Occupied  by  Plant. 

- — The  main  feature  of  modern  central  station  buildings  is  their 
simple  and  economical  construction;  sterldramed  structures  «*i 
a  strictly  industrial  type  are  employed  ;  no  expmditure  is  mad** 
upon  purely  architectural  effects;  ami  provision  is  made  for  easy 
extension.  Ample  supply  of  condensing  water  is  indispuisahb* 
in  a  steam  turbine  station,  and  in  several  instances  shortage  **i 
water  has  made  it  necessary  to  go  to  other  sites  when  additional 
generating  plant  was  required.  Cheap  coal  transport  is  also  a 
primary  consideration,  and  the  question  of  ash  disposal  materially 
affects  the  selection  of  a  site  for  a  large  station.  lb**  diflrivnct* 
between,  say,  5s.  a  ton  and  bd.  a  ton  to  dispose  of  ;oh»  s  t*»i  which 
there  may  be  100-150  tons  p»r  million  kWh)  may  exceed  the 
capital  charges  cm  tin*,  additional  transmission  equipment  required 
if  the  station  be  placed  on  the  site  where  ash  disposal  is  cheap. 

The  extended  applications  of  electric  power  and  the  perfection 
of  the  steam  turbine  have  led  to  rapid  increase  in  the  capacity  of 
generating  sets  installed,  till,  in  tin*  latest  ‘big-unit  stations, 
there  are,  say,  half  a  dozen  turbo-alternators,  each  of  2(J  000  k  \\  , 
40  000  kW,  or  even  greater  p>wer  {§  I7-I K 

The  modern  horizontal  turbo-alternator  occupies  only  ,1,-  1 . 
sq.  ft.  of  floor  area  per  kW,  and  it  is  quite  a  problem  to  am, m 
modate  the  necessary  lioilers  in  convenient  and  efficient  manner 
round  a  ‘big-unit’  power  house.  Adopting  tie*  most  compact 
arrangement  of  boilers  and  coal  silos,  tie*  ground  spare  required 
is  4  or  5  times  that  occupied  by  the  corresponding  section  of 
j>ower  house  (inclmling  all  auxiliaries  and  a  fairly  high  parentage 
of  gangway  area),  and  2  or  5  limes  that  occupied  by  pnver  plan! 
and  switchgear  together.  The  largest  horizontal  t  url*?>al!cruui<«rs 
yet  built  (35  000-60  000  kW)  occupy  af**ut  0  045  sq.  ft.  ground 
area  and  0*72-0*82  cu.  ft  overall  space  p?r  k\V.  In  a  large- 
unit  station,  the  total  floor  area  required  by  power,  switch,  and 
lioiler  houses  is  alsmt  (>'6-0*75  sq.  ft.  p*r  k  W, 

The  Gem»jviIli«rH  bt&tkm  <♦(  t he  i'arm  Umtm  4’fhw  trie***?  m  *4  %*ry  coft»ja«k  t 
dcHigu.  The  #ite  of  II  hoc  La  run  provide*  for  extritaiote*  up  m  fcVV  t 

capacity;  thin  will  v4trrm\n»nd  to  or,  nay,  ft  ft.  /  fcW,  M  Iftr-  t#o„-  of 
writing,  the  iuHtaUt’d  rapacity  o  itfJO  (KJfJ  kW,  there  bang  >»vc  40  tMM  k  *V  mrb* 
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alternators  supplied  by  25  boilers.  The  space  occupied  by  the  200  000  kW  equip¬ 
ment  is  approximately  (per  kW  in  each  case) :  coal  store  0*54  sq.  ft. ;  boiler  house 
0*24  sq.  ft. ;  machine  room  0T2  sq.  ft.;  high-pressure  switch  house  0*17  sq.  ft. ; 
low-pressure  switch  house  0*032  sq.  ft.  From  basement  floor  to  roof,  the  boiler 
house  and  machine  room  are  about  95  ft.  high,  and  the  switch  houses  about  50  ft. 
high. 

The  Gennevilliers  station  is  described  fully  in  a  brochure  published  by  La 
Revue  Industrielle  (Paris) ;  see  also  Engineer ,  Vol.  134,  pp.  242  et  seq. 

The  Dalmarnock  (Glasgow)  station,  with  an  initial  installation  of  five 
23  400  kYA  turbo-alternators,  and  space  available  for  extension  to  200  000  kW 
total  capacity,  is  described  in  Modern  Central  Stations  by  C.  W.  Marshall  (Pitman) 
and  in  EL  Rev.,  Vol.  87,  p.  324. 


Modern  practice  in  to  use  switchgear  of  the  remote-control 
type,  placed  in  a  building  distinct  from  the  power  house,  and  so 
constructed  as  to  reduce  fire  risks  to  a  minimum.  Storage  space 
for  many  thousand  tons  of  coal  is  required,  owing  to  the  huge 
actual  daily  consumption  of  fuel  and  the  importance  of  main¬ 
taining  continuity  of  supply.  Mechanical  conveyers  of  various 
types  are  used  to  deliver  coal  to  the  boiler  bunkers,  the  fuel  being 
weighed  automatically  en  route  ;  and  mechanical  or  pneumatic 
ash-handling  plant  is  generally  installed.  The  tendency  is  to  use 
higher  boiler  draught  (up  to,  say,  6  ins.  water-gauge),  produced 
mechanically,  smoke  stacks  being  reduced  to  the  height  required 
to  carry  fumes  (there  need  be  no  smoke)  clear  of  buildings. 

197.  Central  Station  Output. — The  Electricity  Commis¬ 
sioners  publish  annually  statistics  showing  the  total  kWh  per 
annum  generated  by  stations  in  Great  Britain;  also,  the  number 
of  stations  in  service,  grouped  according  to  the  kWh  generated. 
During  the  year  ending  March  31,  1921,  421  authorised  under¬ 
takers  in  Great  Britain  generated,  on  the  average,  10  400  000 
kWh  each,  and  80  railway,  tramway,  and  non-statutory  under¬ 
takings  generated,  on  the  average,  9  800  000  kWh  each.  Of  the 
.421  authorised  undertakers  submitting  returns:  8*1  0/o  generated 
less  than  100  000  kWh  during  the  year;  19*2  %  generated 
between  100  000  and  500  000  kWh;  27*1  °/0  between  500  000 
and  2  500  000  kWh;  21*6  %  between  2  500  000  and  10  000  000 
kWh;  19*7  %  between  10  000  000  and  50  000  000  kWh;  and 
4*3  °/0  over  50  000  000  kWh.  These  figures  do  not  include  the 
many  private  generating  stations  for  which  no  data  are  available. 

The  largest  pre-war  output  in  any  one  year  from  the  whole  of  the  public 
generating  stations  in  the  United  Kingdom,  (about  500  in  number)  was  roughly 
2  000  million  kWh.  The  electrical  output  in  Sweden  in  1914  (mainly  from  water 
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power)  was  about  1  475  million  kWh,  the  population  of  Sweden  being  approxi¬ 
mately  5  500  000  (32  per  sq.  ml.)  compared  with  45  400  000  (374  per  sq.  ml.)  for 
the  United  Kingdom.  During  the  war  there  was  a  striking  development  m  this 
country  in  the  application  of  electrical  power  to  industry,  chiefly  in  the  manu¬ 
facture  of  munitions,  and  the  electrical  output  from  public  supply  stations  more 
than  doubled  in  four  years,  amounting  to  4  628  million  kWh  in  1918  (. Electricity 
Commissioners'  Report ,  1921). 

Now  and  in  the  near  future  one  may  take  200-250  kWh  per 
head  of  population  per  annum  ( not  per  consumer)  as  the  highest 
average  consumption  of  electricity  for  lighting  and  power  alone 
attainable  in  very  large  cities.  Even  this  estimate  is  on  the  high 
side  so  far  as  Great  Britain  is  concerned,  150-200  kWh  per 
capita  being  a  typical  range  for  very  highly  developed  electric 
supply  areas.  Traction  loads  may  easily  add  25  or  50  %  these 
figures.*  In  large  provincial  towns  60-100  kWh  per  capita 
per  annum  is  a  good  average  for  lighting  and  power  consumption  ; 
and  20-30  kWh  was  the  most  that  could  be  counted  on  in  small 
towns  when  the  demand  was  chiefly  for  lighting  purposes,  but, 
even  in  such  places,  electricity  is  now  used  for  domestic  and  other 
small-power  applications  so  that  25-40  kWh  per  head  of  popula¬ 
tion  can  be  sold  ( see  also  Table  26,  §  194). 

198.  Electricity  Supply  Legislation;  National  Organisa¬ 
tion  of  Supply. — In  the  past  the  development  of  electricity  supply 
in  Great  Britain  has  been  retarded  and  restricted  by  the  hopeless 
inefficiency  (from  the  electrical  standpoint)  of  the  legislation 
which  governed  the  industry  for  so  many  years,  and  partly 
perhaps  by  the  fact  that  the  average  electrical  engineer  has  taken 
little  interest  in  this  question.  It  should  be  obvious  that  every 
one  engaged  in  the  industry  ought  to  have  a  knowledge  of  the 
man-made  laws  as  well  as  the  physical  laws  which  govern  his 
activities.  The  principal  legislative  measures  concerning  elec¬ 
tricity  supply  in  Great  Britain  are  summarised  in  Chapter  41. 
The  trend  of  these  measures,  as  affecting  the  present  position  and 
future  developments,  is  outlined  clearly  in  the  ‘First  Annual 
Report  of  the  Electricity  Commissioners/  which  document  should 
be  consulted. 

Under  the  Electricity  (Supply)  Act,  1919,  the  Electricity 
Commissioners  are  empowered,  inter  alia : — 


*  According  to  B.  Welbourn  the  average  consumption  of  electricity  in  Chicago 
is  714  kWh  per  citizen  per  annum,  compared  with  155  kWh  in  London,  including 
traction  demand  in  both  cases  (Jour.  I.E.E. ,  Yol.  61,  p.  31). 
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(i)  To  determine  electricity  districts,  to  approve  or  formulate  schemes  for 
improving  the  existing  organisation  for  the  supply  of  electricity  in  such  districts, 
and  to  make  Orders  embodying  such  approved  Schemes  which  may  provide  for 
the  formation  of  Joint  Electricity  Authorities. 

(ii)  To  consent  or  to  refuse  consent  to  the  establishment  cf  a  new  or  the  ex¬ 
tension  of  an  existing  generating  station  or  main  transmission  line,  subject  to 
certain  provisos. 

(iii)  To  require  the  alteration  of  the  type  of  current,  frequency  or  pressure 
employed  in  the  undertakings  of  authorised  undertakers,  subject  to  certain 
provisos. 

As  pointed  out  by  the  Commissioners  in  their  ‘  First  Annual 
Report  ’  the  re-organisation  of  electricity  supply  in  this  country 
‘  is  not  a  question  of  starting,  ab  initio ,  to  develop  a  comprehen¬ 
sive  and  standardised  system  of  generation,  transmission,  and 
distribution  on  the  basis  of  present-day  knowledge  and  technical 
practice,  as  there  already  exists  an  extensive  and  heterogeneous 
development  representing  the  uncoordinated  growth  of  many 
years.  The  problem  of  reorganisation  resolves  itself  into  the 
determination  of  the  best  method  of  adapting,  modifying,  and 
expanding  the  existing  development  with  the  view  of  ensuring 
as  speedily  as  possible  an  improvement  in  the  supply  of  electricity 
for  the  numerous  and  growing  needs  of  the  community.  It  is 
only  after  thorough  investigation  at  all  stages,  with  full  oppor¬ 
tunity  afforded  to  all  interested  parties  to  make  representations 
at  each  stage,  that  a  scheme  for  the  reorganisation  of  supply  in 
any  district  can  become  of  statutory  effect  through  the  medium 
of  an  Order  of  the  Commissioners,  confirmed  by  the  Minister  of 
Transport  and  approved  by  Parliament.  ’ 

The  provision  made  for  the  submission'  of  schemes  for  im¬ 
proving  the  organisation  of  the  supply  of  electricity  in  a  district, 
and  for  safeguarding  the  interests  of  all  parties  concerned,  is 
entirely  to  be  commended  provided  that  it  is  not  abused  by 
obstructionists. 

A  phase  of  electrical  development  which  follows  naturally  from 
the  treatment  of  electricity  generation  on  a  national  basis,  with 
widespread  interconnected  networks,  is  that  of  exporting  elec¬ 
tricity.  Electricity  has  been  transmitted  satisfactorily  from 
Sweden  through  a  partly  submarine  cable  (§  292)  to  the  Danish 
island  of  Zeeland  for  some  years  past,  and  schemes  are  in  hand 
for  a  Norway-Sweden-Denmark  transmission  line  which  will 
make  possible  the  utilisation  of  about  1  000  000  kW  of  water 
power  at  present  going  to  waste.  In  Switzerland  electricity  is 
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expoRed^  during* ’tha  spring  and  summer,  and  imported  from 
foreign  steam-driven  staiions  when  the  native  water-power  is 
insufijcient  to  meet  the  home  requirements.  At  the  time  of 
writing,  Canada  exports  nearly  1  000  million  kWh  per  annum  to 
the  United^  States  through  a  dozen  transmission  lines.  Countries 
possessing  surplus  water-power  will  probably,  in  the  near  future, 
export  electrical  energy  derived  therefrom  for  distances  up  to 
1  000  miles.  There  is  much  to  be  said  for  international  electricity 
supply  in  preference  to  the  export  of  coal. 
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CHAPTER  8. 

WATER-POWER:  GENERAL  CONSIDERATIONS. 

200.  Wide  Range  of  Water-power. — Although  countries 
which  had  insufficient  supplies  of  fuel  have  been  developing  their 
hydro-electric  resources  for  many  years,  it  is  only  recently  that 
all  civilised  countries  have  undertaken  systematic  surveys  of 
their  available  water-powers.  At  the  present  day  experts  in  this 
branch  of  engineering  are  scarce,  and  even  elementary  knowledge 
of  the  subject  is  often  lacking.  It  is  only  possible  in  this  book 
to  give  a  general  outline  of  the  subject,  and  specialist  treatises 
must  be  consulted  for  details  of  hydraulic  machinery  and  particu¬ 
lars  of  the  civil  engineering  works  involved  in  laying-out  pro¬ 
jects.  These  may  comprise  almost  any  conditions,  from  developing 
a  3-ft.  fall  on  a  river  or  canal  up  to  that  of  a  5  OOO-ft.  fall  in  a 
range  of  mountains ;  and  from  utilising  the  whole  flow  from  the 
catchment  area  of  a  great  river,  such  as  the  Mississippi,  down  to 
that  from  a  few  square  miles  of  country  with  heavy  seasonal  mon¬ 
soon  rainfall.  The  power  may  he  obtained  from  the  normal  ' flow 
of  a  river  or  canal  alone;  or  from  the  same  supplemented  by 
storage ;  or  (for  the  greater  part  of  each  year)  from  stored  water 
alone.  In  every  case  water-power  is  the  simplest  example  of 
power  as  represented  by  the  rate  of  expenditure  of  ft. -lbs.  per 
min.  ;  in  the  old-fashioned  overshot  water  wheel  this  was 
directly  exemplified  by  each  bucket  carrying  so  many  gallons  of 
water  and  depositing  it  into  a  tailrace  so  many  feet  below  the 
headrace.  In  hydro-electric  practice  the  actual  fall  may  be  either 
a  natural  waterfall,  or  an  artificial  fall  created  by  a  dam  or  weir, 
or  a  fall  developed  by  carrying  the  water  along  in  a  canal  until 
sufficient  drop  has  been  accumulated  above  the  original  and  more 
rapidly  falling  source. 

201.  Power  Available  from  Water. — It  is  often  assumed 
that  an  actual  visible  waterfall  is  necessary  for  the  generation 
of  power.  In  canals  and  in  streams,  where  the  slope  of  the  bed 
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is  extremely  small,  this  is  true,  and  power  can  only  be  generated 
where  there  happens  to  be  an  artificial  fall  (such  as  a  lock  or 
weir)  or  a  rapid  capable  of  being  converted  into  a  fall.  On  the 
other  hand,  the  slope  of  rivers  is  generally  greater,  and  an 
artificial  head  can  often  be  obtained  by  carrying  the  water  for 
some  distance  along  a  comparatively  level  artificial  channel. 
The  horse-power  available  in  any  case  is,  theoretically,  the  pro¬ 
duct  of  the  weight  of  water  in  lbs.  per  sec.  (i.e.  cu.  ft.  per  sec. 
x  62*3)  multiplied  by  the  vertical  head  in  feet  and  divided  by 
550.  The  result  must,  however,  be  reduced  in  proportion  to  the 
inefficiency  of  the  turbine  or  wheel,  and  the  loss  of  head  in  the 
pipes,  in  order  to  find  the  actual  B.H.P.  available  on  the  shaft. 
The  efficiency  of  modern  wheels  varies  from  about  65  up  to  over 
90  %,  but  for  rough  calculations  and  including  pipe  losses  80  °/0 
will  not  be  far  wrong.  Taking  this  into  account  we  have : — 

Theoretical  water  H.P.  =  cu.  ft.  per  sec.  x  head  in  ft.  /  8  *83. 
Available  B.H.P.  =  cu.  ft.  per  sec.  x  head  in  ft.  / 11. 

A  cu.  ft  per  sec.  or  ‘  cusec  ’ — a  useful  irrigation  term  little 
known  outside  India — will  therefore  give  0*09  B.H.P.  on  the 
turbine  shaft  per  ft.  of  fall;  0*9  B.H.P.  per  10  ft.  of  fall; 
9  B.H.P.  per  100  ft.;  and  90  B.H.P.  per  1  000  ft.  For  rough 
project  estimates  the  overall  efficiency  of  medium-sized  electric 
;enerators  working  at  full  load  may  be  taken  as  94  %  (Chapter 
O) ;  if  driven  otherwise  than  directly  oft*  the  turbine  shaft  there 
vill  be  an  additional  loss  of  about  5  °/0  in  the  drive.  The 
electrical  power  available  at  the  generator  terminals,  assuming 
this  efficiency  and  converting  from  H.P.  to  kW,  will  then  be 
approximately : — 

For  direct  drive :  Kilowatts  =  cusecs  x  head  in  ft.  /  15*5  (say  15). 
For  indirect  drive :  Kilowatts  =  cusecs  x  head  in  ft.  / 16*5  (say  16). 

Thus,  for  example,  we  may  have  a  canal  fall  of  10  ft.  net  with 
1  000  cusecs  flowing,  or  a  mountain  stream  in  which  a  fall  of 
1  000  ft.  can  be  obtained  with  10  cusecs  flowing.  In  both  cases : 
The  theoretical  H.P.  is  10  000  x  62*3/550  =  1  150  ;  the  turbine 
B.H.P.  is  10  000 / 11  =  910 ;  and  the  electrical  power  is  10  000 / 15*5 
or  16*5  =  645  or  605  kW,  according  as  the  drive  is  direct  or  in¬ 
direct. 

202.  Constants  and  Approximations.— Table  30  and  the 
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approximate  relations  given  below  will  be  found  useful  in  dealing 
with  water  power.  Explanations,  where  required,  will  follow  in 
due  course.  Unnecessary  decimals  are  omitted. 

Table  30. — Constants  of  Water. 

1  cu.  ft.  of  water  =  6*23  Imp.  gals.  =  62*3  lbs. 

=  7*48  TJ.S.  gals. 

35*9  cu.  ft.  of  water  =  1  English,  ton  of  2  240  lbs. 

35*31  „  „  „  „  =1  cu.  metre. 

1  acre-foot  ( i.e .  1  acre  covered  to  a 

depth  of  1  ft.)  =  48  560  cu.  ft. 

=  1  223  cu.  metres  (ra.3). 

22*96  acre-feet  =  1  million  cu.  ft. 

1  sq.  mile-foot  =  27*88  million  cu.  ft. 

Flow  of  Water . 

1  cusec  or  second-foot  (i.e.  .1  cu.  ft. 

per  sec.)  =  62*3  lbs.  per  sec.  =  0*  028  3  m.3  per  sec. 

=  3  738  „  „  min.  =  1*  699  „  „  min. 

=  374  gals,  per  min. 

—  86  400  cu.  ft.  per  day  =  2  446  ,,  „  day. 

=  2*4  to  2*6  million  cu.  ft.  per  month. 

=  31£  „  „  „  „  year 

=  892  950  m.s  per  year. 

approximations. — Storage  of  Water. 

100  000  cu.  ft.  stored  will  give  1*16  cusecs  for  24  hrs. 

2i  „  „  12  „ 

H  „  »  6  „ 

H  ..  M  3  „ 

27|  „  „  1  „ 

Thirty-one  and  a  half  million  cu.  ft.  stored  is  equivalent  to  1  cusec  for  a  year ; 
but  owing  to  losses  by  evaporation,  etc.,  the  actual  value  is  nearer  f  cusec.  The 
following  approximations  may  be  used  : — 

1  000  million  cu.  ft.  stored  will  give  30  cusecs  for  a  year. 

40  „  „  9  months. 

60  „  „  6  „ 

90  „  „  4  „ 

120  „  „  3  „ 

Catchments . 

A  catchment  area  is  the  whole  area  (bounded  by  watersheds)  draining  into  a 
river  or  stream  at  any  particular  point  in  its  course.  If  the  whole  rainfall  within 
a  catchment  reached  the  determined  point  in  the  stream  (which  is  far  from  being 
the  case),  then : 

1  in.  of  rain  =  100  tons  or  3  600  cu.  ft.  per  acre, 

=  64  000  tons  or  2*33  million  cu.  ft.  per  sq.  mile. 

The  actual  flow-off  is  dea^t  with  in  §  204. 
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Power  Available  Under  the  Best  Conditions. 

(i)  From  Flow — 

Cusecs  x  head  in  ft.  / 11  =  E.H.P.  at  generator. 

,,  x  ,,  „  „  / 15  =  kW  „  „ 

j|  (On  small  projects  and  for  average  results  divisors  of  12  and  16  maybe  used.) 

I  (ii)  From  Storage — 

Thousands  cu.  ft.  stored  x  head  in  ft.  /  42  =  E.H.P.-hours. 

„  x  ..  I  56  =  *Wfa. 

,  Millions  cu.  ft.  stored  x  head  in  ft.  /  370  =  E.H.P.-years. 

„  „  „  x  „  „  /  5C0  =  kW-years. 

^  „  x  „  „  x  17  =  kWh. 

203.  Classification  of  Water-power. — Present-day  practice 
tends  to  use  only  two  types  of  prime  mover  for  water-power, 

viz. :  the  Pelton  wheel  (jet  impulse)  turbine  for  ‘  high  heads  ’  i 

and  the  Francis  (reaction)  turbine  for  ‘low  heads/  The  range  | 

of  the  latter  type  is  extending  upwards,  as  Pelton  wheels  are  j 

not  satisfactory  except  on  heads  of  several  hundred  feet.  There  ; 

is  a  zone  between  the  two  extremes  representing  ‘  medium  heads,’  1 

from  about  100  or  150  ft.  up  to  about  400  ft.,  but  the  modified 
types  of  jet  impulse  turbine,  such  as  the  Girard,  originally  in 
favour  for  this  class  of  lay-out  are  now  being  superseded  by  the 
Francis  type,  suitably  modified  Although,  so  far  as  the  power 
plant  and  its  utilisation  are  concerned,  the  difference  may  be 
only  one  of  turbine  rotors  or  runners,  the  actual  development  of  •  jj 

sites  for  high,  medium,  and  low  falls  offers  considerable  variety.  jj 

Each  is  dealt  with  after  considerations  common  to  all  have  been  { 

explained.  *  !! 

204.  Catchment  Areas  and  Flow-off. — As  the  power  avail¬ 
able  is  always  proportional  to  the  product  of  flow  and  head  or  fall  j; 

it  follows  that,  whereas  high-head  plants  can  operate  on  a  com-  1 

paratively  small  flow,  low-head  plants  of  the  same  capacity  require  j 

r  a  very  large  volume  of  water.  Except  where  great  storage  works  j; 

are  undertaken,  nature  fits  in  with  these  requirements  ;  for  while  | 

small  individual  streams  in  mountainous  country,  with  small  catch-  ■  j 

ment  areas,  offer  high-head  developments,  the  great  rivers  into 
which  they  discharge  supply  the  medium  and  low-head  plants. 

From  the  point  of  view  of  hydro-electric  works  the  absolute 
minimum  flow  of  the  source  is  the  determining  factor,  except  where 
water  storage  on  a  large  scale  is  possible,  as  upon  it  depends  the  j 

size  of  the  plant  that  can  be  continuously  operated.  Where  large- 
scale  storage  is  possible,  the  minimum  annual  flow-off  determines 
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the  limits  of  the  project,  subject  to  the  possibility  of  being  able  to 
carry  over  a  reserve  supply  from  a  good  year  to  a  deficient  one. 
The  maximum  flow-off  in  floods  is  necessarily  always  of  impor¬ 
tance  in  connection  with  the  safety  of  headworks  and  dams  and  the 
provision  of  waste  weirs  or  escapes  or  under-sluices  for  discharging 
the  excess  water. 

Considering  small  catchment  areas  first,  the  flow  from  day  to 
day  in  the  streams  fed  by  them  evidently  depends  primarily  on 
the  amount  of  rainfall ;  but  not  only  on  the  amount,  as  the  rate  or 
intensity  at  which  the  falls  occur  has  a  large  bearing  on  the 
problem.  Occasional  showers  are  mostly  lost  by  the  way,  in 
evaporation,  or  absorption  by  soil  and  vegetation.  If  the  ground 
is  dry,  the  first  hours  of  rainfall  may  have  but  little  effect  on  the 
stream  ;  on  the  other  hand,  when  the  ground  is  already  saturated, 
further  rain  will  mostly  run  off  to  the  stream.  Here  the  nature  of 
the  ground  has  to  be  considered ;  bare  steep  rocky  hillsides  allow 
a  very  large  proportion  of  rainfall  to  pass  quickly  down,  while,  at 
the  other  extreme,  flat  agricultural  or  forest  land  retains  a  large 
proportion  of  the  fall  and  allows  more  to  be  lost  by  evaporation 
during  its  slower  passage  down.  Then  again,  some  of  the  rainfall 
sinks  into  the  ground  and  reappears  later  in  the  form  of  springs ; 
while  high  altitude  snow,  the  most  valuable  form  of  ‘white  coal  ’ 
to  the  water-power  engineer,  may  supply  a  river  with  water  at  the 
time  when  the  ordinary  flow  is  at  the  lowest  and  during  the  driest 
of  seasons.  Where  large  scale  storage  of  water  is  in  question  it  is 
the  minimum  annual  flow-off  of  the  river  that  is  of  the  greatest 
importance,  but  in  the  case  of  small,  and  probably  high-elevation 
catchments  it  is  the  day-to-day  flow-off  and  the  maximum  and 
minimum  amounts  of  water  arriving  at  the  headworks  of  the 
project  that  matter  most.  For  a  full  discussion  of  various 
empirical  formulae  for  obtaining  the  maximum  flow-off  from  a 
catchment  the  reader  is  referred  to  Buckley's  Irrigation  Pocket 
Book ,  where  actual  results  are  also  given  of  many  known  rivers. 
It  will  be  sufficient  here  to  mention  Dickens’  formula,  viz. : — 

D  =  GM2fz 

where  D  =  maximum  discharge,  in  cusecs. 

C  =  coefficient. 

M  =  catchment  area,  in  sq.  mis. 

The  author  ot  this  formula  took  G  as  825  where  the  rainfall  was 
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about  36  ins.  a  year  and  considered  the  same  figure  applicable  from 
24-50  ins.  By  actual  application  it  has  been  found  ( loc .  cit.) 
that  the  coefficient  varies  in  Indian  rivers  from  120  up  to  1  795. 
The  former  figure  is  for  very  large  catchments  with  rainfall  of 
the  order  mentioned ;  the  latter  figure  is  for  small  catchments  with 
very  heavy  rainfall  confined  to  a  short  season.  Clearly  in  the 
case  of  small  catchments  a  knowledge  of  the  shape  of  the  catch¬ 
ment — for  its  length  will  greatly  affect  the  time  taken  by  the 
water  to  reach  a  given  point — of  its  steepness,  of  its  cultivated 
area,  and  of  the  intensity  of  the  rainfall,  will  help  in  arriving 
at  an  intelligent  estimate.  In  obtaining  the  average  flow,  and 
to  some  extent  the  minimum,  of  a  small  catchment  comparison 
with  a  neighbouring  area  where  the  flow  has  been  measured  may 
be  of  great  value,  the  relative  areas,  configurations,  and  rainfalls 
being  approximately  known.  Naturally  a  small  catchment  area 
is  subject  to  very  great  variations  in  flow  ;  for  a  heavy  storm  may 
sweep  over  the  whole  of  it,  just  as  a  dry  period  affects  the  whole. 
To  obtain  reliable  results  it  is  of  course  far  preferable  to  make 
actual  measurements  of  the  flow  (§  205)  over  as  long  a  period  as 
possible,  for  comparison  with  the  rainfall  from  sufficient  gauges 
in  the  catchment,  and  also  for  comparison  with  neighbouring 
catchments.  The  intervening  watersheds  may,  however,  affect  the 
latter  comparisons  to  no  inconsiderable  extent.  In  many  countries 
regular  gaugings  have  been  taken  for  years  in  all  promising  catch¬ 
ments,  either  for  ascertaining  irrigation  or  power  possibilities — 
the  former  generally  on  the  larger  rivers  only. 

When  large  catchments  are  in  question  it  is  clear  that  excesses 
and  defects  of  rainfall  will  generally  serve  to  make  the  limits  of 
flow  less  extreme,  though  this  is  less  true  in  countries  subject 
to  monsoon  rainfall  than  elsewhere.  In  such  catchments  the 
annual  flow-off  in  India  is  found  to  vary  between  29  and  47  °/0  of 
the  total  rainfall,  except  on  the  West  coast  where  the  rainfall  is 
extraordinarily  high.  The  whole  question  of  the  annual  flow-off 
from  a  catchment  is  exhaustively  discussed  by  Buckley  in  the 
work  already  cited.  Where  irrigation  systems  take  off  from  large 
rivers  the  amount  available  below  their  headworks  will  naturally 
depend  on  the  seasonal  requirements,  and  the  lower  reaches 
may  almost  run  dry ;  where,  on  the  other  hand,  large  scale  stor¬ 
age  is  a  part  of  the  irrigation  project,  the  impounding  and  regula¬ 
tion  .of  flood  waters  may  enable  a  far  larger  proportion  of  the  total 
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annual  flow  to  be  utilised  for  power  purposes  on  its  way  down 
than  would  happen  with  an  untrained  river. 

Until  recently  the  intensity  at  which  rain  falls  has  not  been 
readily  ascertained  except  by  an  observer  with  a  stop-watch.  It 
is  true  that  approximations  can  be  obtained  from  the  curves  of 
some  self-recording  clock  gauges,  but  the  cost  of  these  precludes 
their  general  use  and  they  do  not  register  short  periods  of  extreme 
intensity  with  any  accuracy.  The  fractionating  rain  gauge 
recently  described  by  one  of  the  authors  *  will  give  the  daily  rain¬ 
fall  divided  up  into  any  required  number  of  intensities,  as 
accurately  as  the  plain  gauge  gives  the  total,  each  fraction  or 
intensity  having  its  own  collecting  vessel.  The  principle  employed 
is  that  of  a  fine  jet  with  a  number  of  leaping  weirs.  By  an  in¬ 
genious  extension  of  the  principle  Mr.  J.  H.  Field,  of  the  Indian 
Meteorological  Department,  has  also  constructed  a  new  type  of 
recorder  which,  with  a  single  tank  collector,  can  be  left  for  a  whole 
season  in  a  locality  difficult  of  access  and  will  then  enable  the  total 
rainfall  and  the  rates  and  times  of  fall  to  be  tabulated  with  fair 
accuracy.  The  plain  instrument  has  the  advantage  of  being 
very  cheap  to  construct,  as  the  inventor  has  not  patented  it,  and 
does  not  intend  to  do  so.  The  device  has  been  in  use  throughout 
a  whole  monsoon  in  Simla,  recording  rates  up  to  7  ins.  per  hour 
and  amounts  up  to  5  ins.  a  day. 

205.  Discharge  of  Notches  and  Weirs. — A  very  full  discus¬ 
sion  of  the  various  formulae  for  flow  in  open  channels,  which 
follow,  as  well  as  of  those  relating  to  the  discharge  over  weirs  and 
through  sluices  and  syphons,  will  be  found  in  Buckley's  Irriga¬ 
tion  Pocket  Book ;  while  Garrett’s  Hydraulic  Tables  and 
Diagrams  for  Practical  Engineers  gives  in  addition  discharge 
curves  to  meet  every  case  likely  to  arise. 

Triangular  Notches. — For  measuring  small  and  variable  dis¬ 
charges  with  accuracy  the  triangular  notch  is  unequalled.  The 
notch  should  be  sharp-edged  on  the  upstream  side  (or  a  thin  plate 
of  metal  may  be  used)  and  in  order  to  reduce  the  velocity  of 
approach  towards  the  weir  the  cross-section  of  the  stream  should 
be  large  in  proportion  to  that  at  the  notch.  The  general  formula 

for  a  triangular  notch  is  _ 

Q  -  (4/ 15)  CB  Jig  x  h^_ _ 

*  ‘  An  Automatic  “  Intensity  ”  Rain  Gauge  without  Clockwork,’  by  J.  W. 
Meares,  M.Inst.  C.E. ;  paper  No.  4  445,  Inst,  of  Civil  Engineers,  1923. 
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where  Q  represents  cusecs,  B  is  the  breadth  of  the  water  flowing 
over  the  notch,  and  h  the  depth  to  the  apex,  both  in  feet.  For  a 
right-angled  notch  G  =  0*59  and  B  =  2h  so  Q  =  2*54  7&2*5. 

For  example,  take  a  depth  of  6  in.  or  0*5  ft.  and  the  discharge  will  be 
Q  —  2*54  x  0*52,5  cusecs 
=  2*54  x  *177  =  ,0*45  cusecs 

=  27  cu.  ft.  per  min. 

The  above  formula  is  also  found  in  the  form — 

Gallons  per  min.  =  1*91  A2,5  where  h  is  in  inches.  In  the  same 
example  this  gives  168  gallons  per  min.  which  =  0*45  cusecs. 

The  measurement  of  h  is  made  a  short  distance  upstream,  so 
that  the  curvature  over  the  fall  does  not  vitiate  the  results ;  and 
while  a  foot  rule  placed  on  a  carefully  levelled  post  is  often  used 
a  hook  gauge  gives  more  accurate  results.  This  device  consists  of 
a  sharp-pointed  hook  attached  by  a  raising  screw  to  a  calibrated 
scale,  such  that  the  top  of  the  submerged  hook,  when  first  touch¬ 
ing  the  surface,  indicates  the  depth  h.  In  still  water  the  moment 
when  the  upward  moving  hook  breaks  the  surface  can  be  judged 
with  great  accuracy ;  and  where  the  water  surface  is  likely  to  be 
ruffled  the  dovice  is  placed  inside  a  pipe  with  a  very  small  orifice 
opening  to  the  stream,  which  ensures  still  water.  The  device  is 
equally  applicable  in  the  case  of  water  measurements  for  steam 
boilers,  and  gives  a  high  level  of  accuracy. 

Rectangular  Weirs. — Where  larger  quantities  of  water  have 
to  be  measured,  sharp-edged  rectangular  weirs  are  used.  These 
take  two  forms;  first,  where  a  straight  weir  is  placed  across 
the  full  width  of  a  channel  itself  of  rectangular  section;  and, 
second,  where  a  complete  rectangular  notch,  sharp-edged  at  both 
sides  and  bottom,  is  placed  in  a  waterway  of  greater  width,  so 
that  there  are  complete  ‘  end  contractions/  '  In  the  former  case 
there  will  always  be  an  appreciable  velocity  of  approach,  whereas 
in  the  latter  this  can  generally  be  avoided.  A  further  factor  is 
that  there  should  be  a  free  drop  below  the  weir;  if  the  fall  is 
submerged  the  discharge  is  decreased  and  requires  different 
methods  of  calculation. 

The  fundamental  equation  for  the  discharge  over  a  weir  is — 

Q  =  0*  666  x  c  x  l  x  h  sj2gh  =  5*35  clW 2 

where  Q  =  cusecs. 

I  —  length  of  weir,  in  ft. 
h  —  height  of  water  above  crest,  in  ft. 
c  «  a  constant. 
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Taking  an  average  value  of  0*  618  for  c  and  keeping  h  in  feet,  the 
formula  simplifies  to  the  formula  given  by  Molesworth,  viz. : — 

Q  =  3*31  x  1  x  As/h* 

while  experimental  values  of  c  show  that  it  varies  from  about 
0*58  where  h  is  large  in  proportion  to  l ,  and  with  complete  end 
contractions,  up  to  0*65  with  low  values  of  h  and  suppressed  end 
contractions.  For  the  practical  purposes  of  this  chapter  the 
latter  formula  is  quite  accurate  enough,  both  with  or  without  end 
contractions,  so  long  as  there  is  a  dear  fall. 

For  example,  given  a  weir  length  of  5  ft.  and  a  depth  h  of  6  ins.  or  0*5  ft., 
the  discharge  will  be 

Q  =  3-31  x  5  x  ^6\L25  =  5-84  cusecs. 

Weirs  with  Velocity  of  Approach. — Where,  however,  there 
is  a  considerable  velocity  of  approach  to  the  weir  this  is  equivalent 
to  an  addition  to  the  ‘  head’  over  and  above  that  of  still  water. 

zV 

This  additional  head  in  feet,  H,  corresponds  to  H  =  where 

u  is  the  velocity  of  approach  in  ft.  per  sec.  This  modifies  the 
fundamental  formula  to 

Q  »  0-  666  x  c  x  ly/2g{(h  +  H)*12  -  IP1'2) 

where  the  values  of  c  are  as  already  given. 

Thus  with  the  same  data  as  in  the  last  example,  but  with  a  velocity  of  ap¬ 
proach  of  6  ft.  per  sec.  (taking  the  actual  coefficient  of  0-  611)  H  =  36  /  64*4  =  0*  559 
and  the  discharge  is 

Q  =  0*  66G  x  0*  611  x  5  x  8*01{(0*5  +  0*  559)8'2  -  0  *559*''2}  =  11  cusecs. 

Drowned  Weirs. — When  the  surface  of  the  tail  waters  is  at  a 
higher  lever  than  the  crest  of  the  weir,  so  that  the  fall  is  to  some 
extent  submerged,  the  discharge  is  lowered ;  in  this  case 

Q  =  cl  J^ghfh2  +  Px) 

where  =  the  afflux,  or  the  difference  between  the  water  levels  up  and  down¬ 
stream  of  the  weir,  in  ft. 

=  the  height  of  the  water  surface  down-stream  above  the  crest  of  the 
weir,  in  ft. 

c  =  a  constant  as  before,  of  which  0*63  is  the  best  average  value  for  sharp- 
crested  weirs. 

For  example,  keeping  to  a  length  of  5  ft.  and  a  depth  h  of  0*5  ft.,  let  the  afflux,  7ix 
be  0*8  ft.  so  that  the  weir  crest  is  drowned  by  h2  =  0*2  ft. ;  then 


Q  =  0-63  x  5  J6±'4:  x  0*3(0*2  +  |x  0*3)  =  5*55  cusecs. 
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In  the  similar  example  above,  with  no  velocity  of  approach,  the  result  was  5*84 
cusecs  with  a  constant  of  0*  618,  so  that  to  correspond  strictly  the  above  answer 
would  be  5*44  cusecs.  For  rough  work,  therefore,  a  moderate  degree  of  drown¬ 
ing  may  be  ignored  without  serious  error. 

206.  Discharge  of  Running  Streams. — To  ascertain  the 
discharge  of  streams  without  using  a  weir,  a  fairly  straight  and 
level  stretch  must  be  found,  and  the  channel  made  reasonably 
uniform  for  a  certain  distance  (say  from  25-100  ft.),  according 
to  the  possibilities  of  the  case.  Careful  cross-sections  of  the  water 
are  then  made  at  the  two  extreme  points  and  at  several  equal 
intervals  between  them,  by  measuring  the  depth  at,  say,  5  or  10 
points  on  each  cross-section.  If  the  stream  is  of  uniform  width 
a  mean  cross-section  can  be  plotted,  by  taking  the  mean  of  all  the 
measures  of  depth  in  the  centre,  and  similarly  of  all  the  measures 
at  each  other  gauge  point  in  the  width;  from  this  section,  or 
directly  from  the  individual  areas,  the  mean  cross-sectional  area  is 
worked  out,  and  this  multiplied  by  the  mean  velocity  gives  the 
discharge. 

To  ascertain  the  mean  velocity  floats  are  used.  These  should 
be  put  in  some  distance  above  the  upper  fixed  point,  and  carefully 
timed  in  their  passage  over  the  selected  length.  Where  the 
depth  allows  it,  vertical  floats,  reaching  almost  to  the  bed-level, 
will  give  the  mean  velocity  of  the  upper  and  lower  surfaces  near 
enough  for  practical  purposes  ;  but  they  should  be  sent  down  both 
sides  of  the  channel  and  the  centre  in  order  that  the  average  may 
give  a  true  mean  value.  It  will  be  found  difficult  to  ensure  this, 
as  the  floats  will  seldom  keep  a  straight  course  for  more  than  10 
ft.  or  so.  Needless  to  say,  if  there  are  parts  of  the  stream  with 
no  appreciable  flow  these  should  be  omitted  completely  from  both 
area  and  velocity  calculations.  Sometimes  practically  the  whole 
flow  is  confined  to  a  deep  narrow  channel  in  the  centre  or  at  the 
side.  Where  only  surface  floats  can  be  used,  the  mean  observed 
central  surface  velocity  should  be  reduced  by  from  25  %  up  to 
50  %  in  very  small  streams  with  rough  beds  ;  the  actual  factor  by 
which  the  observed  surface  velocity  should  be  multiplied  is  given 
in  Table  31  (Unwin),  according  to  the  nature  of  the  bed  and  the 
hydraulic  mean  depth  ( see  R  in  Bazin’s  formula,  §  210). 

In  general  the  seasonal  variations  in  these  streams  are  so  great 
that  what  is  really  wanted  is  the  minimum  value  of  the  flow, 
preferably  in  a  dry  season  following  a  previous  dry  season. 
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Table  31. — Multipliers  for  Mean  Velocity  of  Water . 


Hydraulic 
Meaji  Depth. 

Smooth 

Channels. 

Rough  Channels. 
Bubble  Masonry. 

Very  Rough  Channels. 
Channels  in  Earth. 

Channels  Ob¬ 
structed  with 
Detritus. 

0*25 

0*83  to  0*79 

0-69 

0-51 

0-42 

0*5 

0-84  „  0-81 

0*74 

0-58 

0*5 

0*75 

0*84  „  0*81 

0-76 

0-63 

0*55 

1 

0*85 

0*77 

0*65 

0*58 

2 

— 

0-79 

0*71 

0*64 

3 

— 

0’80 

0-73 

0*67 

5 

_ 

0-81 

0-76 

0*71 

10 

— 

0-82 

0-78 

0*74 

30 

— 

— 

— 

0*74 

207.  Current  Meters. — Instead  of  obtaining  the  mean  velocity 
of  a  stream  by  means  of  floats  and  a  coefficient,  modern  American 
practice  favours  the  use  of  current  meters,  which  are  similar  to 
anemometers  in  design.  These,  when  properly  calibrated,  give 
the  actual  velocity  of  flow  at  any  point  where  they  are  used,  with 
a  very  small  error.  In  regular  channels  of  reasonable  depth  very 
accurate  results  can  be  obtained  by  this  means ;  the  point  of 
maximum  velocity  will  then  be  on  the  centre  line  of  the  stream 
and  at  about  one-quarter  of  the  depth,  and  the  proper  coefficient 
can  be  applied  to  this  maximum.  It  is  higher  than  the  surface 
velocity,  and  Grunsky  *  gives  the  coefficients  shown  in  Table  32, 
where  W  /  d  is  the  width  divided  by  the  average  depth  of  the 
stream. 


Table  32. — Grunskfs  Coefficients . 


W 1  d. 

Coefficient. 

5 

1*01 

10 

0*97 

15 

0*94 

20 

0*92 

30 

•  0*89 

40 

0*87 

50 

0*85 

100  or  more 

0*82 

*  Trans.  Am.  Soc .  O.E.,  Vol.  66,  p.  123. 
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The  mean  velocity  in  such  regular  channels  is  found  on  the 
centre  line,  and  at  about  two* thirds  of  the  depth.  It  is  preferable 
however,  to  take  readings  at  a  number  of  points  and  obtain  the 
mean  in  that  way.  With  irregular  water  courses  the  latter 
method  is  essential.  In  turbulent  water  the  current  meter  is  apt 
to  give  velocities  and  final  results  which  are  too  high,  sometimes 
to  the  extent  of  even  15  or  20  °/Q  in  large  rivers;  but  in  the  like 
conditions  float  measurements  will  be  equally  inaccurate.  Great 
care  is  needed  in  taking  measurements  by  the  current  meter,  as 
its  axis  must  be  kept  correctly  at  right  angles  to  the  flow.  In 
taking  readings  at,  say,  10  points  on  the  cross-section  two 
methods  are  in  vogue.  In  the  one,  the  meter  is  slowly  lowered 
at  each  point  on  the  cross-section,  at  a  uniform  rate,  allowed  to 
remain  for  \  min.  at  the  lowest  point,  and  then  slowly  raised 
again.  This  gives  a  summation  of  the  velocities  on  that  vertical 
line.  By  the  second  method,  readings  are  taken  at  1/5  and  4/5 
of  the  depth  at  each  point  and  the  mean  result  is  taken  as  the 
mean  for  that  point.  For  counting  the  revolutions  of  the  vane 
accoustic  arrangements,  either  mechanical  or  electrical,  are  pre¬ 
ferable  to  visual  observation  and  are  generally  used.  For  pur¬ 
poses  of  calibration,  the  meter  is  drawn  through  still  water  at  a 
uniform  rate. 

208.  Water  Level  Recorders  and  Hydrographs. — When¬ 
ever  it  is  desirable  to  know  the  discharge  of  a  river  under  very 
variable  conditions,  arrangements  are  made  for  observing  or 
recording  the  height  of  the  water  at  a  point  where  careful  cross- 
sections  have  been  made.  By  means  of  actual  gauging  by  one  or 
other  of  the  methods  described  the  discharge  is  then  calculated 
for  various  heights  of  water  and  a  ‘  discharge  curve  ’  is  plotted, 
with  gauge  heights  as  abscissae  and  discharges  as  ordinates. 
Having  established  a  correlation  between  the  two,  intermediate 
discharges  can  be  read  off  the  curve  ;  and  if  the  cross-section  is 
measured  for  flood  levels  rising  above  the  curve  the  latter  enables 
a  fair  estimate  to  be  made  of  the  extraordinary  discharges. 
Where  it  is  not  possible  to  have  an  observer  always  on  the  spot, 
an  automatic  ‘  water  stage  recorder  ’  can  be  installed.  In  this  the 
height  is  taken  by  means  of  a  float  in  a  still- water  well  connected 
to  the  river,  and  the  results  are  recorded  on  a  roll  of  record  paper 
on  a  continuously  revolving  drum.  The  drum  is  actuated  by  a 
heavy  weight  and  continuous  records  can  be  obtained  up  to  six 
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months  without  attention,  provided  that  the  apparatus  cannot 
he  damaged  by  wild  animals  or  interfered  with  by  inquisitive 
visitors.  Thus  not  only  the  maximum  and  minimum  discharge 
and  the  discharge  at  any  particular  time  can  be  determined,  but 
also  the  total  discharge  over  the  whole  or  any  shorter  period. 
Where  storage  is  involved  this  is  of  the  utmost  importance.  The 
daily  discharges  in  cusecs  can  also  be  plotted  in  the  form  of  a 
hydrograph  and,  where  the  working  head  is  known,  power  can 
be  substituted  for  flow ;  similarly,  the  storage  can  be  plotted  in 
the  form  of  horse-power  hours. 

209.  Mass  Curves. — If  the  rate  of  daily  discharge  of  a  river 
be  known  and  recorded  on  a  hydrograph  or  in  tables  a  ‘mass 
curve  ’  of  the  river  can  be  con¬ 
structed.  In  this  the  abscissae 
represent  time,  in  days  or  weeks, 
and  the  ordinates  represent  the 
total  cumulative  amount  of  water 
that  has  passed  the  gauge. 

Reducing  matters  to  a  simplicity 
which  would  not  occur  in  practice,  let  it 
be  assumed,  for  example,  that  a  mass 
curve  is  constructed  to  begin  on  a  certain 
date  and  that  the  discharge  remains 
steadily  at  100  cusecs  for  a  week  (Fig.  48), 
or  that  the  mean  discharge  works  out  at 
this.  Then  at  the  end  of  that  week  practi¬ 
cally  60  000  000  cu.  ft.  will  have  passed. 

If  the  discharge  then  rose  to  150  cusecs 
and  so  remained  for  the  next  week  a  further  90  000  000  cu.  ft.  will  pass  and  the 
total  at  the  end  of  the  second  week  will  be  150  000  000;  and  so  on.  If  the  flow 
at  any  time  practically  ceased,  as  may  happen  in  dry  or  monsoon  countries,  the 
curve  would  run  horizontally  for  that  time. 

These  curves  are  used  in  connection  with  storage  projects,  and 
weekly  or  even  monthly  averages  are  generally  sufficient  in 
plotting  them  ;  the  slope  of  the  curve  at  any  point  gives  the  rate 
of  flow  at  that  time  ;  and  the  total  flow  up  to  any  point,  divided 
by  the  period  in  which  it  has  flowed,  gives  the  average  rate  of 
flow  over  that  period.  Clearly  if  the  demand  is  greater  than  the 
supply  at  any  time  the  balance  must  be  taken  from  what  has  been 
stored  Where  the  mass  curve  has  the  most  nearly  horizontal 
slope  the  inflow  is  least ;  and  this  represents  the  greatest  possible 
continuous  power  demand  without  storage.  If  the  draft  curve, 


Fig.  48. — Mass  curve  for  hypothetical 
stream. 
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or  line  representing  the  average  water  drawn  off,  is  plotted  on 
the  same  paper  with  the  mass  curve  the  intervals  between  the 
two  show  when,  and  to  what  extent,  the  reservoir  is  being  filled 
or  emptied  as  the  case  may  be. 

The  area  and  useful  capacity  of  the  reservoir  in  any  particular 
case  may  be  known ;  or  it  may  be  designed  to  meet  the  conditions 
disclosed  by  the  mass  curve.  Similarly  the  amount  of  water 
drawn  off  from  the  reservoir  for  power  may  be  known  or  the 
maximum  which  can  safely  be  drawn  off  (allowance  being  made 
for  evaporation)  can  be  calculated  from  the  readings  of  the  curve. 
Thus  the  capacity  of  the  stream,  in  conjunction  with  the  storage 
for  power  purposes,  can  be  fully  investigated  at  the  beginning ; 
and  the  working  conditions  at  any  subsequent  time  can  be  ob¬ 
tained  from  the  curves  of  inflow  and  outflow  and  the  balance  of 
useful  water  stored. 

210.  Bazin’s  Formula. — As  a  check  on  results  obtained  as 
in  §  206,  Bazin’s  formula  may  be  applied  to  ascertain  the  mean 
velocity,  namely:  V  =  c+JBS. 

Where  R  =  the  hydraulic  mean  depth,  or  the  area  of  cross-section  of  water¬ 
way  divided  by  the  wetted  perimeter,  i.e.  the  length  of  the 
wetted  border  in  lineal  feet ;  these  factors  can  both  be  obtained 
from  the  cross-section. 

S  =  the  sine  of  the  angle  of  inclination  of  the  water  surface,  or  the 
fall  of  that  surface  in  a  unit  of  length. 
c  —  a  coefficient,  found  from  the  formula  c  =  157*6  /  (1  +  m  /  JR), 
the  values  of  m  being  dependent  on  the  nature  of  the  channel, 
as  in  Table  33. 

Table  33. — Values  of  m  in  Bazins  Formula . 


Nature  of  Channel. 


Value  of  m  in 
Bazin's  Formula. 


Very  smooth .  Smooth  cement,  planed  timber  .... 

Smooth.  Planks,  ashlar,  bricks . 

Rough.  Rubble  masonry . 

Rougher.  Earth  newly  dressed  or  pitched  whole  or  part  with 

stones . . 

Very  rough.  Ordinary  earth  channels . 

Excessively  rough.  Channels  encumbered  with  weeds  and  boulders 


0*  109 

0*29 

0*83 

1*54 

2*36 

3*17 


The  slope  in  this  case  must  be  determined  by  precise  levelling : 
and  the  converse  case,  where  the  slope  of  an  artificial  channel  is 
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to  be  found  from  the  remaining  known  factors,  is  the  more  usual 
application  of  the  formula. 

From  a  comparison  of  a  number  of  formulae  quoted  by  Buckley 
(. Irrigation  Pocket  Book),  it  would  appear  that  the  results  given 
by  Bazin's  formula  are  decidedly  low  for  small  values  of  the 
hydraulic  mean  depth.  A  recent  writer  has  suggested  as  a  value 
for  the  coefficient  above,  c  —  llFi?0.26. 

211.  Size  of  Open  Channel  or  Flume. — Bazin’s  formula  in 
the  preceding  paragraph  may  be  applied  to  the  calculation  of  the 
size  of  an  open  channel  for  carrying  a  given  quantity  of  water 
from  a  stream. 

For  example,  suppose  20  cusecs  are  to  be  carried  along  a  square  or  trapezoidal 
channel.  Assume  provisionally  that  a  mean  velocity  of  about  3J  ft.  per  sec.  will 
be  used  and  the  area  of  the  cross-section  must  then  be  about  5f  sq.  ft.  to  give 
the  required  discharge.  If  the  flume  is  rectangular  in  section  and  3  ft.  wide  the 
depth  of  water  will  then  he  1*9  ft.  ;  the  actual  flume  must  of  course  be  higher  than 
this,  as  a  margin  against  overflow  is  necessary. 

The  wetted  perimeter  will  be  3  +  1’9  +  1*9  =  6*8  ft. 

The  hydraulic  mean  depth,  R,  will  be  5*7  /  6*8  =  0*84. 

If  the  flume  is  lined  with  cement  the  coefficient  m  will  be  O'  109  ;  and  the 
value  of  c  will  be  157*6  /  [1  4-  (0*  109  /  JWl)  =  141]. 

At  this  stage,  if  either  the  slope  of  the  channel  or  the  mean  velocity  is  known, 
the  other  can  be  found. 

Thus,  keeping  the  velocity  3*5  ft.  per  sec.,  we  have — 
v  =  cJRS ;  .*.  JS  ==  v  /  cJR  and  S  =  (v  /cJB)2, 

i.e.  S  =  (3*5  / 141  x  0*  918)2  =  0*  000  74  or,  say,  1  in  1  400. 

If  the  slope  is  given  as  1  in  1  000,  then — 

v  =  U1JRS  =  141  J0*84  x  0*  001  =  4*09  ft.  per  sec. 

212.  Manning’s  Formula. — Asa  further  check  on  the  results 
obtained  by  Bazin’s  formula,  whether  used  for  calculating  a  dis¬ 
charge  or  for  designing  a  flume  or  channel,  Manning’s  formula 
may  be  employed,  with  the  coefficients  given  in  Table  34,  viz: — 

v  =  (T  486  /  n)  *  Z/RWS, 
or,  S  =  t?V  /  2*  208*/R\ 

Taking  the  same  example  as  in  the  last  paragraph,  vi2.  to  find  the  volocity 
when  the  slope  is  1  in  1  000,  the  coefficient  of  roughness  n  is  0*01  for  smooth 
cemented  surfaces  and  the  velocity 

v  =  (1*486/0*01)  x  JO-705  x  jcFOOl  =  148*6  x  0*89  x  0*032  =  4*23  ft.  per  sec. 

213.  Discharge  of  Sluices. — Where  water  flows  through  a 
small  rectangular  orifice  -with  a  free  fall,  and  with  a  very  low 
velocity  of  approach,  the  mean  velocity  through  the  orifice  is 
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Table  34. — Values  of  n  in  Manning’s  !< 


Nature  of  Channel. 


V  ■» ' 

TV/f  ft  t  i  s  •  • 


Smooth  cement . .  .«  j.  t 

Unplaned  timber .  *  *•  » 

Well-laid  brickwork  .  . 

Rough  brickwork .  *  <  , 

Ditto,  in  inferior  condition .  %  \  n. 

Rubble  masonry.  Coarse  brickwork . 

Canals  in  earth,  and  rivers  according  to  condition  .  .  O*  **  ^  ? 

Ditto,  obstructed  by  detritus .  f  t  .. 

Torrents  encumbered  with  detritus  ...... 


about  ft.  per  sec.,  where  H  is  the  head  in  foot*  f  " 1 

of  the  orifice;  this  expression  is  deduced  from  th«*  f 
formula  V  =  Gj^/^gH),  the  mean  value  of  C  '  u  4 

0*  625.  The  discharge  in  cu.  ft.  per  sec.  is  then  tli**  £*  r* •’*  ^  f^r< 
orifice  x  the  mean  velocity.  If  there  is  appro cii^ 
of  approach,  a  less  simple  formula  is  required.  If  tt**"  th*  *'  v * 
submerged,  the  above  relations  hold  good  where  II  fUr' 
ence  in  height  between  the  head  and  tail  waters. 

Where  the  head  is  small  in  comparison  with  f  I*** 
orifice,  the  coefficient  5  in  the  mean  velocity  forum  1# i*  i**-  1  . 

it  may  even  be  as  high  as  8  in  some  cases.  The  g<a  H  i  »*1  f.-mmU 
in  such  cases  may  be  taken  as 


V  =  3‘3  x 


V/2  -  V/a 
K  -  K  ’ 


where  \  is  the  head,  in  ft,  at  the  top  of  tho  *  fi 


Jin 


bottom 


214.  Water  Turbines  in  General. — For  low 

heads,  pressure  or  reaction  turbines  are  used,  in  wh  1  c»t*  *  ,nl \  *  j *,r * 
tion  of  the  pressure  and  potential  energy  of  the  wi*f  *  r  r* 
formed  into  velocity  and  kinetic  energy  in  the  guides  **{  *{«»»’*«>»’:. 
remainder  being  transformed  in  the  turbine  who#*!,  In  1 
wheels  the  water  is  admitted  round  the  whole  p&x~£|*l*«  r*  f  ih*- 
runner,  at  a  speed  lower  than  the  spouting  velocity  rttx**  t *  *  1 ) f.*  (|<j 
The  speed  can  be  varied  within  wide  limits  according  f  #  *  t  \iV.  4j4. 
ofthe  runner.  The  Francis  turbine  is  the  modem  s  11  rvi  'V,,r,4  tu*u% 
types.  The  water  may  pass  either  radially  inwards  ♦  -  nt  «  wh 
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English  Electric  Co.,  Ltd, 


A  Low-Head  Francis-Type  Runner. 

The  runner  illustrated  is  10  ft.  in  diameter  and  weighs  about  5J  tons.  It 
absorbs  83  000  cu.  ft.  per  min.  under  a  head  of  8*8  ft.,  aud  has  a  specific  speed  of 
81  (British  units)  ;  the  power  developed  is  430  B.H.P.  The  plates  are  of  thin  sheet 
steel  so  as  to  give  a  large  passage  for  the  water  and,  in  order  to  reduce  the  frictional 
losses  to  a  minimum,  they  are  ground  and  polished  before  being  cast  into  the  top 
and  bottom  rings.  The  edges  of  the  blades  are  chamfered  to  reduce  the  losses  due 
to  shock  at  entrance. 


[To  face  p.  314. 


Nntjli&h  KU'ctric  Co.,  Lid. 


Buckets  and  Fastenings  op  a  Pelton-Tvpe  Impulse  Wheel. 

In  the  construction  illustrated  one  bolt  and  one  key  hold  each  of  the  east-steel 
buckets  to  the  cast  steel  disc.  The  bolt  carries  the  shear  stresses,  and  the  key  bears 
the  compression  stresses.  The  bolt  is  tapered  and  fits  inside  a  bush  which  is 
cylindrical  outside  and  tapered  inside.  The  bush  and  bolt  are  both  provided  with 
nuts,  and  the  bush  is  split  throughout  its  length,  except  at  the  threaded  portion. 
On  tightening  the  nuts,  the  bolt  causes  the  bush  to  expand,  and  the  locking  washers 
are  then  bent  over  the  lugs  of  the  bucket  and  the  faces  of  the  nuts.  The  back  of 
every  alternate  bucket  bears  against  a  fixed  key  dovetailed  into  and  welded  on  to 
the  disc.  The  two  buckets  between  consecutive  fixed  keys  are  tightened  by  a  pair 
of  oppositely-tapered  keys  which,  when  driven  home,  are  bent  over  on  to  the  face 
of  the  disc  thus  forming,  in  effect,  a  single  key. 


[To  fate  i>.  315. 
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but  f  lu*  mix***!  How  turbine,  which  is  the  usual  American  form,  in 
designed  mi  that  the  water  enters  radially  towards  the  shaft  but 
leaves  axially  to  the  draft  tula*  which  utilises  the  suction  head* 
The  static  jevvauv  is  O*  4 ‘id  lb.  per  mcj.  in.  per  ft.  of  lica<l. 

For  high  head’*  impulse  wheels  (§  2nd)  are  invariably  used  ;  i n 
these  the  water  is  thrown  on  to  the  wheel  from  a  nozzle  at  the 
full  \ elof'itv  due  to  the  head.  Her<*  the.  easing  is  not  filled  with 
water,  as  in  the  former  ease,  so  a  draft,  lube  cannot  be  used. 
The  form  of  the  buckets  is  too  well  known  to  require  description  ; 
the  Dnble  form,  in  which  a  jnirtion  is  cut  away  to  allow  the  jet, 
tndmjM'ded  access  to  where  it  can  act  most  efficiently,  is  universally 
employed. 

For  a  Sul!  discussion  ot  the  theory  of  these  different  types  of 
turbines  and  their  various  suhdiv banns,  the.  reader  is  referred  to 
II  ob  /■  l  urhim  by  Jens  <  Irten  Bbving,  and  other  similar 

w*»rks,  The  theoretical  velocity  in  ft.  per  sec,  of  the  water  issu¬ 
ing  from  a  nozzle  —  %A2q// 1,  where  tj  is  the  acceleration  (*i2‘2  ft. 
p«  r  sec,  •  i  dtje  t«i  gravity,  and  //  is  the  net  liead  in  feet,  ir.  the 
yros.H  vertical  h*  ad  less  the  friction  hisses  in  the  pijies  (§  247). 
rims  on  lo  ft  head  the  theoretical  velocity  is  25’H  ft.  per  see.,  on 
lOM  it  .bead  it  is  so  ft  per  hpi*(1  and  on  I  000  ft.  head  if  is  2/5d  ft. 
per  sec,,  the  actual  issuing  velocity  is  less  by  about  It  .  Tho 
per  ipL  «•*%*!  Hj#«ed  of  an  impulse  wheel  is  n  little  less  than  half  the 
theorrtic.il  velocity  of  the  water,  while  in  low-pressure  wheels  the 
sjMved  can  1#*  varied  within  wide  limits  according  to  the  design,  as 
noted  in  dealing  with  variable  heads  *  Obviously,  in  cither  case, 
with  a  given  lead,  the  angular  velocity  will  depend  on  tho 
drum  o  r  of  tb**  wheel.  It  4*  often  net^wmry,  or  advisable,  to  use 
two  or  four  smaller  wheel*  on  a  single  shaft,  instead  of  one  largo 
*>n*\  i?i  order  to  increase  the  s}#»<ed  or  reduce  the  cost  of  construc¬ 
tion, 

215.  Specific  Speed  of  Turbines.  In  order  to  compare  the 
jM*rforttMiu«^s  of  rltffer>*fit  turbines,  and  to  utilise  a  standard  design 
under  varying  renditions,  a  common  basis  is  found  in  the  ‘sjmojfie 
sjpeed  '  or  the  %j**^d  which  would  result  if  the  wheel  were  reduced 
in  cool*-*  g«  om*’trieal  projection  until  it  gave  I  II.  I*,  under  a  head 
of  I  ft  or.  on  the  (  aintini  nt.  of  1  metre,  though  British  units 
are  Used  here 

*  St*  **»*<•<  *  }i»jn tn&ks  *<t  W *i**t  I4,  AUlmayi*.  ftU'k .  u, 

V--  3.  |C>#  p.  lo  t  ,,sv.  iOl  It,  VW, 
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Rushmore  and  Lof  define  the  specific  speed  as  ‘  the  number  of  revolutions  per 
minute  at  the  point  of  maximum  efficiency  that  a  homologous  or  geometrically 
similar  wheel  would  give  if  it  were  to  deliver  1  H.P.  under  unit  head  ’ — Hydro- 
Electric  Power  Stations  (Wiley). 

The  specific  speed  should  be  as  high  as  is  practicable  in 
reaction  wheels  working  on  low,  and  especially  on  variable  low 
heads.  Assuming  a  constant  head  and  a  wheel  in  which  all 
parts  and  passages  are  of  exactly  the  same  relative  proportions 
the  velocity  of  the  water  will  remain  constant;  in  which  case  the 
quantity  of  water  and  the  H.P.  developed  will  vary  as  the  square 
of  the  diameter,  D,  of  the  runner  and  the  r.p.m.  will  vary  as 
1  J  D,  whether  the  unit  head  h  is  taken  as  1  ft.  or  as  1  metre : — 

Specific  speed  =  r.p.m.  x  ^/H 7P./h6l\ 

If  the  head  is  expressed  in  metres  (----  ft.  /  3*28)  and  the  power  in 
metric  H.P.  (=  0*  986  British  H.P.)  the  formula  is  of  course  un¬ 
changed,  so  the  results  expressed  in  metric  specific  speed  are 
larger;  thus: — 

Metric  specific  speed  =  4*38  x  British  specific  speed. 

British  „  ,,  =  0*  228  x  Metric  ,,  „ 

With  more  than  one  runner  or  nozzle  the  H.P.  of  a  single  one 
should  be  used.  Pelton  wheels  have  comparatively  low  specific 
speeds,  varying  from  as  low  as.l  up  to  6£  or  7  (British). 

Thus  in  a  particular  instance,  the  head  is  550  ft.  and  the  500  H.P.  Pelton 
wheels  work  at  500  r.p.m.  This  gives 

Specific  speed  —  500  x  ^500  /  550R/4. 

But  5505M  =  550  7^/550  =  2  660 

So  specific  speed  =  500  x  23*7/2  660  =  4*45  in  British  units  =  4*38  x  4*15  = 
19*5  in  metric  units. 

On  the  other  hand,  Francis  wheels  have  much  higher  specific 
speeds,  varying  from  as  low  as  20-30,  on  comparatively  high 
heads  of  400  ft.  or  more,  up  to  several  hundreds  on  very  low 
heads.  Efficiencies  of  90  %  have  been  obtained  at  all  values  from 
25-90. 

Thus  a  500  H.P.  reaction  wheel  working  at  500  r.p.m.  on  a  50- ft.  head  would 
have  a  specific  speed  of  500  x  ^500  /  50 5/4  =  84*1  or,  in  metric  units,  368. 

If  any  catalogue  of  small  turbines  is  examined  it  will  generally 
be  found  that  the  whole  of  the  wheels  in  one  series  have  the  same 
specific  speed,  which  is  generally  not  stated  in  the  case  of  British 
manufacturers. 
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Amongst  recent  advances  the  Kaplan  and  the  Nagler  wheels 
have  specific  speeds  double  those  of  other  existing  types,  while 
further  advances  are  foreshadowed  (up  to  1  600  metric),  the 
efficiency  in  the  former  rising  as  high  as  86  °/o.* 

In  the  utilisation  of  low  and  variable  heads  these  new  runners 
should  prove  invaluable  if  performance  under  ordinary  conditions 
confirms  test  results.  As  a  high  specific  speed  corresponds  to  a 
high  actual  speed  in  r.p.m.  the  size  of  direct  coupled  generators 
can  be  reduced,  or  direct  coupling  used  where  a  geared  drive  would 
otherwise  be  necessary. 

216.  Cost  of  Water-power  Plants. — It  is  difficult  to  give 
any  reliable  estimates  of  the  cost  of  water-power  development,  as 
no  two  undertakings  are  alike.  In  a  table  given  by  Dawson,  the 
pre-war  capital  outlay  per  H.P.  ranges  from  £3  10s.  to  £84 
Table  35  gives  the  capital  cost  (pre-war)  of  a  number  of  hydro¬ 
electric  developments  in  the  East ;  the  figures  represent  the  total 
cost  per  kW  capacity  of  everything  up  to  the  power  station  end 
of  the  transmission  line,  f  Developments  in  mountainous  country 
with  heavy  rainfall  are  generally  subject  to  additional  expense  on 
account  of  landslips,  where  the  ground  has  been  cut  away  for 
open  channels,  etc.  A  substantial  percentage  should  invariably 
be  added  to  allow  for  this  costly  contingency.  The  prices  of 
turbines  given  in  makers’  catalogues  are  useful  as  a  general  guide, 
but  the  turbine  is  a  comparatively  small  item  in  the  total  cost, 
especially  on  high  falls  where  a  simple  impulse  wheel  is  used. 
In  1918,  Engineering  (Jan.  25,  1918,  p.  100)  gave  as  an  ap¬ 
proximation  for  wheels  alone : — 

For  low  heads,  up  to  25  ft.,  £4  per  H.P. 

„  high  ,,  ,,  ,,  500  „  £1  „  „ 

but  present-day  (1923)  prices  are  still  well  above  these  limits. 
The  capital  cost  of  a  hydro-electric  scheme  is  generally  high  com¬ 
pared  with  that  of  a  steam  or  oil-driven  plant ;  but  the  working 
expenses  are  lower  and  almost  independent  of  the  load  (cf.  §  194). 

When  any  particular  scheme  has  been  designed,  quotations 

*  See  also  Science  Abstracts ,  Sect.  B.,  Vol.  23,  p.  332;  Vol.  25,  pp.  88,  229  ; 
and  El,  Bev.,  Yol.  86,  p.  466. 

fThe  pre-war  capital  cost  of  hydraulic  construction  up  to  and  at  the  power 
site,  and  of  the  power  station  and  equipment  averaged  £14*40  in  70  representative 
Canadian  hydro-electric  stations,  aggregating  about  750  000  H.P.  [El.  Wld., 
July  31,  1920,  p.  230). 
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Table  35. — Approximate  Capital  Cost  of  some  Indian  Hydro- 
Electric  Developments. 


Plant 

Approximate 

Short  Description. 

Head  in  Feet. 

Capacity. 

Capital  Cost 

kW. 

per  kW. 

High  heads — 

£ 

Small  average  flow ;  large  storage  ;  no 

r30  000 

25 

| 

open  channels. 

1  000  to  1  800  - 

{  2  000 

30 

Small  average  flow ;  large  storage ; 

1 

open  channel. 

^  500  ’ 

66 

Small  average  flow ;  small  storage ;  no 

open  channels. 

[  800 

66  \ 

Moderate  average  flow ;  small  storage  ; 

500  to  1000 

500 

62  J 

open  channel. 

|  500 

30  \ 

Small  average  flow ;  large  storage  ;  no 

[  50 

73  / 

open  channels. 

Medium  heads — 

r  7  000 

4  000 

J  4  000 

37  > 

43 

53  J 

250  to  500 

\ 

Large  average  flow ;  no  storage ;  open 
channel. 

800 

39  1 

Small  average  flow ;  small  storage 

l  150 

49  / 

open  channel. 

Low  heads — 

e  500 

60  1 

I 

6  to  80 

I  450 

1  250 

20  | 
42  I 

Canal  falls. 

[  200 

100  J 

! 

should  he  obtained  from  manufacturers  or  their  agents  for  the 
turbines,  generators,  and  regulating  gear ;  the  price  ( pre-war ) 
may  be  anywhere  between  about  £5  and  £10  per  kW,  being 
higher  for  small  sets  and  also  for  low  heads.  To  this  freight, 
carriage  and  erection  must  be  added.  High-class  governors  vary 
from  £100-£300  each  {pre-war ),  according  to  size  and  power. 
When  estimating  for  buildings  (§  195),  it  must  be  remembered 
that  plenty  of  space  is  essential,  and  that  there  must  be  ample 
head  room  for  an  overhead  travelling  crane  to  erect  or  dismantle 
the  sets.  Concrete  work  is  always  a  heavy  item,  and  must  be 
carefully  taken  out  in  quantities  ;  foundations,  head  and  tail 
races,  pentrough,  sand  traps,  reservoirs,  channels,  etc.,  vary  in¬ 
finitely.  The  cost  of  the  pipes  and  their  freight  and  carriage  to 
site  can  be  estimated  by  the  weight  and  cost  per  ton  of  steel 
work  for  the  time  being,  and  the  ruling  freights  and  cost  of 
carriage;  for  size  and  thickness,  see  §§  247,  248.  Specials  maj* 
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amount  to  about  10  °jQ  extra  an  the  totals.  The  cost  of  making 
the  pipe  line  and  anchorages  and  erecting  the  pipes  must  be 
added,  and  no  general  figures  for  this  can  be  given. 

217.  Economics  of  Steam  and  Water-Power. — In  all  cases 
of  water-power  large  capital  expenditure  is  necessary  on  the 
hydraulic  development ;  furthermore,  as  water-power  must  be 
developed  where  it  is  found,  a  long  transmission  line  is  often 
necessary.  For  these  reasons  the  total  cost  of  construction  is 
almost  invariably  higher  than  that  of  a  steam-driven  plant  of  the 
same  capacity;  and  the  annual  capital  charges  for  interest  and 
depreciation  are  correspondingly  higher. 

Against  this  maybe  set  the  fact  that  the  running  costs  of  such 
a  station  are  relatively  low,  as  no  fuel  is  involved.  The  total 
cost  of  running  does  not  depend  to  any  appreciable  extent  on 
whether  the  plant  is  fully  or  only  lightly  loaded;  it  is  practically 
a  fixed  sum  per  annum  ;  so  that  the  cost  per  unit  (kWh)  is 
practically  proportional  to  the  total  number  of  units  generated. 
With  fuel-consuming  stations  every  extra  unit  generated  involves 
the  consumption  of  a  definite  amount  of  fuel  with  a  definite  cost ; 
and  while  the  total  cost  rises  with  the  number  of  units  generated 
and  the  cost  per  unit  falls  somewhat,  the  latter  cost  is  by  no 
means  proportional  to  the  total  units.  In  any  particular  case, 
therefore,  the  practicability  of  a  hydro-electric  scheme  depends  on 
the  cost  of  fuel  in  the  locality  where  the  power  is  wanted. 

To  take  an  example,  assume  a  plant  of  5  000  kW  capacity  is  required  at  a 
certain  place,  where  sufficient  water-power  exists  within  transmission  distance, 
and  that  the  total  cost  of  the  hydro-electric  scheme  and  transmiHHion  lino  is 
£500  000.  Taking  interest  and  depreciation  together  at  10  %,  the  annual  cost  on 
iftiis  account  will  be  £50  000.  Let  the  cost  of  a  steam  plant  of  the  same  capacity, 
built  where  the  power  is  actually  needed,  be  assumed  to  bo  £160  000  with  similar 
annual  capital  charges  of  £ 15  000.  Now,  if  for  simplicity  it  bo  assumed  that  the 
annual  charges  for  wages,  stores,  repairs,  and  supervision  are  the  same  in  both 
cases  (an  assumption  near  enough  to  the  truth)  there  will  bo  the  difference  be¬ 
tween  £50  000  and  £15  000  or  £85  000  to  set  off  against  the  cost  of  fuel  for  steam 
raising.  Under  the  ideal  conditions  of  large  electro-chemical  works  this  plant, 
allowing  1  000  kW  to  bo  kept  for  spare,  and,  therefore,  4  000  kW  for  work,  would 
generate  about  28  000  000  kWh  per  annum  (with  80  %  factor,  §  201).  Under 
ordinary  industrial  conditions  the  output  would  be  less  than  half  this,  or,  say, 
12  000  OOO  kWh  per  annum.  Clearly,  therefore,  not  only  the  cost  of  coal  but 
also  the  load  factor  of  the  plant  or  the  ratio  of  its  actual  to  its  possible  output  is 
of  immense  importance.  If  it  is  assumed  that  the  low  amount  of  only  2  lbs.  of 
coal  will  be  required  per  unit,  with  modern  plant  of  large  size,  the  consumption 
would  be  25  000  tons  for  28  OOO  000  kWh,  and  10  700  tons  for  12  OOO  OOO  kWh. 
A.s  the  amount  available  to  make  the  costs  just  balance  out  between  steam  and 
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water-power  is  £35  000,  it  follows  that  with  the  larger  output,  coal  at  £1*40  per 
ton  would  absorb  this  amount,  while  with  the  smaller  output  the  figure  would  be 
nearly  £3*27.  From  this  example  it  will  be  inferred  that  as  the  load  factor  rises 
towards  the  ideal  limit  the  advantage  of  hydro-electric  power  increases.  Bearing 
in  mind  the  vast  rise  in  the  cost  of  fuel  at  the  present  day  the  example  is  full  of 
significance. 

An  interesting  sidelight  on  the  above  discussion  is  also  worthy 
of  mention.  The  inexperienced  financier  is  notoriously  apt  to 
look  at  present  capital  expenditure,  and  neglect  to  take  into  con¬ 
sideration  future  recurring  costs ;  consequently,  he  often  accepts 
the  lowest  tender  to  his  ultimate  detriment. 

For  instance,  in  the  above  example,  it  is  assumed  that  a  steam  plant  of 
5  000  kW  total  capacity  cost  £150  000  and  requires  2  lbs.  of  coal  per  unit.  On 
the  two  total  outputs  assumed,  the  consumption  of  coal  on  this  basis  is  25  000  and 
10  700  tons  per  annum.  Would  it  pay  to  accept  a  tender  of  £120  000  for  cheaper 
plant  of  the  same  output  if  the  fuel  consumption  were  then  2£  instead  of  2  lbs. 
per  kWh  ?  The  extra  fuel  used  would  amount  to  G  250  and  2  675  tons  in  the 
two  cases.  Taking  10  °/0  on  the  capital  cost  saved  by  accepting  the  lower  tender, 
the  annual  saving  is  £3  000 ;  the  extra  fuel  used,  even  at  £1  per  ton,  comos  to 
about  £6  000  with  the  large  output  of  units  and  to  about  £2  700  with  the  lowor 
output. 

Thus  with  very  cheap  fuel  and  a  ‘  bad  load  *  it  sometimes 
pays  to  buy  comparatively  uneconomical  plant ;  but  with  expen¬ 
sive  fuel  and  a  good  load  factor  never .  If  the  cost  of  fuel  assumed 
were  £2  instead  of  £1  the  more  expensive  plant  would  prove  the 
cheaper  on  either  the  large  or  the  small  load  in  the  example  given. 
Much  money  has  been  wasted,  and  much  disappointment  caused, 
by  the  neglect  of  these  principles. 

In  the  matter  of  load  factor  an  interesting  contrast  may  be 
drawn  between  steam  and  water.  No  matter  how  ideal  the  con* 
ditions  may  be,  every  unit  sold  from  a  steam  station  costs  a 
definite  sum  in  fuel ;  and,  therefore,  even  though  some  of  the 
plant  may  be  idle,  there  is  an  absolute  limit  to  the  charge  per  kWh 
below  which  sales  would  result  in  loss.  Paradoxical  though  it 
may  seem  in  view  of  all  other  commercial  transactions,  there  is 
often  practically  no  such  limit  in  the  case  of  a  hydro-electric 
station :  an  exception  being  where  the  whole  of  the  available 
energy  can  be  sold  without  difficulty,  owing  to  limitations  of  the 
available  water.  The  total  working  costs  are  not  affected  by  the 
generation  and  sale  of  additional  units.  Therefore,  when  all  the 
load  has  been  obtained  that  is  in  sight,  at  normal  tariff  rates,  extra 
sales  at  any  price  will  pay  so  long  as  they  do  not  involve 
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increase  in  the  size  of  the  plant.  They  bring  in  money  without 
involving  any  expenditure. 

For  example,  assume  for  simplicity,  that  a  hydro-electric  plant  with  a  working 
capacity  of  4  000  kW  actually  had  this  load  during  the  whole  working  day  from 
6  a.m.  till  6  p.m.,  but  that  for  the  remaining  12  hrs.  its  average  load  was  only 
1  000  kW,  the  average  generating  cost  of  a  unit  being  ^d.  under  these  conditions. 
If  there  were  no  prospect  of  obtaining  work  for  the  idle  plant  during  these  night 
hours  on  the  ordinary  tariffs  it  would  pay  to  take  on  consumers  at  0*3,  or  0*2,  or 
even  0*ld.  per  unit  provided  they  were  restricted  to  the  use  of  power  at  night  only.* 
Their  additional  consumption  would  bring  down  the  average  cost  of  a  unit ;  thus, 
if  night- working  factories  were  started,  using  the  whole  available  3  000  kW,  the 
average  cost  would  be  reduced  from  0*5  to  about  0*3d.  per  kWh  ;  but  in  order  to 
get  the  extra  revenue  it  would  pay  to  supply  this  factory  at  a  far  lower  figure  than 
the  reduced  average.  It  is,  in  fact,  constantly  done  in  actual  commercial  under¬ 
takings. 

In  considering  the  value  of  sites  for  industrial  manufacturing 
work,  one  of  the  first  points  to  consider  is  undoubtedly  that  of 
freight  and  carriage;  for  it  has  a  triple  application.  In  the  first 
place,  the  raw  material  must  be  brought  to  the  site,  unless  already 
on  it ;  secondly,  the  finished  product  must  be  taken  to  its  market ; 
thirdly,  the  plant  must  be  delivered  at  the  power  house.  Cases 
are  known  where  the  carriage  of  plant  over  twenty  miles  of 
mountain  roads  abroad  cost  more  than  its  freight  from  the  land 
of  manufacture  to  the  railway  terminus.  Cheap  power  is  useless 
if  the  saving  is  swallowed  up  in  expensive  freight.  In  order  to 
get  the  plant  to  the  power  house  there  must  be  a  road,  and  this 
road  will  generally  be  built  so  as  to  afford  a  suitable  track  for  a 
railway.  In  the  case  of  water-power  from  mountainous  country 
there  may  be  insuperable  difficulties  of  ground  or  cost  in  laying 
out  a  railway  to  the  site,  though  the  plant  can  be  transported 
there.  Even  if  these  difficulties  do  not  exist,  if  the  raw  material 
of  the  industry  is  within  the  limits  of  transmission  it  will  prob¬ 
ably  prove  cheaper  to  erect  a  long  transmission  line  rather  than 
a  railway,  which  may  use  more  power  than  will  be  lost  in  trans¬ 
mission.  It  is  simply  a  question  of  estimating  which  method 
gives  the  cheapest  finished  product.  Either  the  material  can  be 
brought  to  the  power  house ;  or  the  power  to  the  factory ;  or  a 
combination  of  both  methods  may  be  the  best. 

Bibliography. — See  §  258. 


*  It  is  assumed,  as  stated  above,  that  there  is  sufficient  water  for  continuous 
working  at  the  higher  output. 
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CHAPTER  9. 


WATER-POWER  ( contd .):  DEVELOPMENTS  ON  LOW 
AND  MEDIUM  HEADS. 

218.  Canal  Falls. — Low-head  hydro-electric  installations  are 
generally  found  either  on  irrigation  canal  falls  or  on  rapids  in 
rivers.  In  the  ease  of  canals  the  fall  has  generally  been  con¬ 
structed  primarily  to  alter  the  alignment  of  the  canal  from  a 
higher  to  a  lower  level  where  the  natural  slope  of  the  ground 
made  this  necessary  ;  usually  therefore  the  fall  is  fixed  in  height, 
subject  to  the  variations  due  to  the  actual  flow  and  to  the  rise  of 
the  tail  waters.  In  these  cases  a  power  station  can  either  be 
built  across  the  canal  itself  or  can  be  constructed  at  the  side  and 
connected  by  short  diversions  to  the  head  and  tail  waters.  The 
majority  of  such  canals  have  falls  of  from  3-10  ft.  or  so,  and 
turbines  of  the  ‘  open-penstock 5  type,  fixed  on  foundations  in  the 
water  passage  itself,  are  often  used,  the  draft  tubes  either  passing 
under  the  power  house  or  discharging  into  a  tail  race  tunnel 
which  passes  under  the  same. 

On  very  low  heads  the  width  of  the  waterway  may  be  in¬ 
sufficient  to  accommodate  the  wheels  for  developing  the  full 
power ;  if  so,  a  short  length  of  subsidiary  canal  can  be  constructed 
parallel  to  the  main  one,  either  on  the  upper  or  the  lower  level, 
and  the  power  station  built  along  the  island  between.  In  this 
way  any  length  can  be  obtained  to  suit  the  number  of  generating 
sets.  The  subsidiary  canal  may  be  designed  as  a  head  race, 
taking  off  above  the  fall,  in  which  case  the  tail  waters  discharge 
into  the  main  canal ;  or  the  head  race  may  be  the  canal  itself,  in 
which  case  the  low  level  subsidiary  canal  tails  the  water  back 
lower  down. 

Where  two  canal  falls  occur  within  a  comparatively  short 
distance  it  will  probably  pay  to  combine  them  into  one.  This 
may  be  done  by  a  subsidiary  head  race  or  tail  race  canal,  as 
above,  or  by  a  combination  of  the  two.  More  rarely  it  is  possible 
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either  to  raise  the  banks  on  the  intervening  stretch,  so  as  to  bring 
the  whole  fall  to  the  lower  point,  or  to  lower  the  same  and  bring 
the  whole  fall  to  the  upper  point.  The  various  methods  are  a 
matter  of  comparative  capital  costs. 

Occasionally  sites  are  found  on  irrigation  systems  where  (as 
in  the  triple  canal  system  of  the  Punjab)  a  canal  takes  off  from 
one  river  and  discharges  into  another,  from  which  it  is  tapped 
again  at  some  lower  point.  In  such  cases  there  may  be  a  much 
more  considerable  fall,  and  the  open-penstock  system  is  replaced 
by  a  pipe  system  (§  224). 

A  disadvantage  of  utilising  canal  falls  is  their  liability  to 
closure  for  annual  repairs  or  because  irrigation  water  is  not 
required  in  the  particular  section  involved.  Continuity  of  supply 
is  generally  essential,  so  steam  or  oil  reserve  plant  may  be  neces¬ 
sary,  and  it  then  becomes  a  question  of  estimates  whether  the 
double  outlay  is  justified. 

219.  Low-head  River  Developments. — Probably  the  com¬ 
monest  form  of  hydro-electric  development  is  where  rapids  on  a 
river  are  concentrated  into  a  single  low  fall  by  means  of  a  ‘  lifting 
dam.5  A  good  example  of  this  form  is  found  above  Notodden  in 
Norway,  where  there  is  a  series  of  dams  converting  what  was 
once  a  mighty  torrent  into  a  series  of  lakes,  each  delivering  its 
quota  of  power  from  a  power  station  at  the  artificial  fall.  In 
this  particular  instance  there  is  the  additional  advantage,  seldom 
obtainable,  of  a  series  of  extensive  natural  lakes  higher  up  in 
which  the  excess  water  from  the  mountains  can  be  stored  and 
regulated  exactly  as  required. 

Lifting  dams  vary  from  a  few  feet  in  height  up  to  100  ft.  or 
more,  according  to  the  nature  of  the  ground,  and  they  may  be  of 
the  gravity  or  arched  type  or  hollow  dams  of  reinforced  concrete. 
The  turbines  are  often  placed  in  the  dam  itself,  the  water  entering 
and  discharging  through  it ;  with  hollow  dams  the  whole  power 
house  may  be  contained  inside  it.  More  often,  the  power  station 
will  be  below  £he  dam,  the  turbines  being  fed  by  pipes  on  the 
bank.  Sometimes  a  short  canal  may  even  be  necessary,  leading 
to  a  forebay  from  which  the  turbines  are  supplied  ;  especially,  as 
mentioned  in  the  preceding  paragraph,  where  there  would  other¬ 
wise  not  be  room  for  all  the  wheels.  Yet  again,  there  are  in¬ 
stances  where  a  tunnel  has  been  made  through  the  rock  at  the 
side  and  used  (lined  or  not  lined)  in  place  of  a  pipe  line. 
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In  the  case  of  low  lifting  dams,  the  storage  above  the  dam  is 
seldom  sufficient  to  cope  with  more  than  the  hour  to  hour  varia¬ 
tions  of  demand ;  if  the  water  is  drawn  off  faster  than  it  flows  in, 
the  head  is  lowered  and  the  capacity  of  the  plant  diminished. 
On  medium  heads  (§  225)  this  may  be  permissible.  With  low 
dams  the  surplus  water  is  generally  discharged  over  the  crest  of 
the  dam  itself.  Arrangements  have  to  be  made  for  preventing 
debris,  and  especially  floating  timber,  from  entering  the  wheels 
in  an  open-penstock  setting,  or  the  pipes  where  these  are  used. 
In  cold  climates  elaborate  arrangements  also  have  to  be  made  for 
preventing  ice  from  blocking  up  the  water  way  or  even  forming 
in  the  wheels  themselves.  Both  steam  pipes  and  electrically 
heated  grids  have  been  employed  for  the  purpose.  Where  timber 
flotation  is  carried  on,  or  ice  is  found,  it  is  desirable,  if  the  lay¬ 
out  admits  it,  to  take  off  the  water  at  right  angles  to  the  river ; 
it  is  then  easier  to  deflect  the  floating  matter  by  means  of  booms 
and  gratings  so  that  the  forebay  is  kept  clear,  but  even  so  addi¬ 
tional  and  finer  screens  are  necessary  to  protect  the  intake  to  the 
wheels. 

220.  General  Design  of  Low-fall  Plants. — The  head  of 
water  available  in  a  low-fall  plant  is  the  vertical  distance  between 
the  head  and  tail  waters  immediately  above  and  below  the  wheel 
when  running  on  full  load ;  both  the  pressure  head  and  the 
suction  of  a  draft  tube  being  utilised.  On  a  fall  of  8  ft.  every 
inch  represents  1  °/0,  so  it  is  necessary  to  ensure  full  size  for  both 
the  head  race  and  the  tail  race  unless  power  is  to  be  sacrificed ; 
the  velocity  in  these  channels  should  not  exceed  2  ft.  per  sec. 
If  the  depth  of  water  over  the  turbine  is  insufficient,  there  is  a 
danger  of  drawing  in  air  and  destroying  the  suction  ;  about  5  ft. 
should  be  allowed  when  possible.  A  serious  difficulty  in  low- 
head  plants  is  the  reduction  in  the  working  head  which  occurs 
from  the  backing-up  of  the  tail  waters  in  times  of  flood.  In  the 
Moody  ejector  turbine  there  is  a  connection  from  the  water  behind 
the  dam  to  the  draft  tube,  with  gate  control.  When  the  head  is 
reduced,  water  under  the  full  head  is  thus  allowed  to  enter  the 
draft  tube,  increasing  the  velocity  in  it  and  compensating  for 
the  reduction  due  to  change  of  level.*  The  depression  below  the 
£  standing  wave  ’  has  also  been  utilised  for  the  same  purpose  of 
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Metropolitan- Vickers  Electrical  Co.,  Ltd.  I, 

Below- F alls  View  op  Raanaasfoss  Low-Head  Power  House  and  Dam.  {! 

h 

This  72  000  kV  A  station  is  arranged  to  utilise  a  minimum  flow  of  11  300  cusecs.  '| 

For  seven  or  eight  mouths  of  the  year  the  flow  is  17  700  cusecs,  and  during  floods  | 

it  reaches  123  000  cusecs.  The  head  on  the  turbines  is  424  ft.  Water  from  the  f 

turbines  passes  under  the  power  house. 


General  View  op  Tyssefaldene  High-Fall  Power  House  and  Pipe -Line. 


This  117  000  kVA  station  utilises  water  from  the  390  000  000  cu.  yd.  storage  in 
Lake  Ringadalsvand.  The  net  head  at  the  turbines  is  1  260  ft.  and,  when  this 
photograph  was  taken,  there  were  four  pipe  lines,  two  feeding  the  turbines  of  seven 
4  100  kVA  generators,  and  two  feeding  the  turbines  of  five  12  000  kVA  sets.  A  fifth 
pipe,  of  67  in.,  59  in.  and  49  in.  inside  diameters,  feeds  two  14  000  kVA  sets. 

[To  face  p.  324. 


Metropolitan  -  T 'icl'era  Electrical-  Cu.t  Ltd . 

Above-Falls  View  op  Raanaasfoss  Low-Head  Station. 

The  dam  is  divided  into  sections  for  regulating  the  river.  There  is  an  outlet  for 
ice  nearest  the  power  house.  Sluices,  .with  sluice  gates  at  the  bottom  of  the  dam,  can 
take  the  whole  flow  during  the  winter  if  necessary.  The  sector  regulating  gates  are 
not  used  during  the  winter  and  are  protected  against  ice  by  wooden  needle  gates. 

There  is  a  tubular  gate  in  the  dam  at  the  end  opposite  from  the  power  house. 


Metro poll  tan-  V  ickera  Electrical  Co. ,  Ltd. 

Intake  of  the  Pipe  Lines  Serving  Tyssepaldene  Higi-i-Fall  Station. 

Water  is  brought  to  this  intake  from  the  storage  lake  by  two  parallel  tunnels, 
each  3  700  yds.  long  and  97  sq.  ft.  in  cross-section,  cut  through  the  mountain.  Each 
turbine  is  arranged  so  that  it  can  take  water  from  either  of  two  main  pipes.  There 
is  a  main  sluice  valve  at  the  top  of  each  pipe,  and  flap  valves  are  also  fitted  which,  in 
case  ef  emergency,  can  be  operated  by  push  buttons  in  the  power  house. 

[To  face  p.  325. 
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compensation.*  Both  vertical  and  horizontal  reaction  wheels  are 
used,  and  for  very  low  falls  they  are  generally  placed  directly  in 
an  open  penstock  or  flume,  and  not  cased  in  at  all.  The  use  of 
automatic  generating  stations  to  make  profitable  the  utilisation 
of  small  streams  with  variable  flow  has  been  mentioned  in  §  187. 

221.  Low-fall  Turbines  and  Regulation. — As  already  stated, 
the  Francis  type  of  wheel  is  mainly  used  on  low  falls,  often  with 
an  open-penstock  setting,  up  to  heads  of  60  or  70  ft.  Frequently 
two  or  four  runners  are  used  on  a  single  shaft,  both  with  hori¬ 
zontal  and  vertical  wheels,  and  even  eight  runners  have  been  used 
on  a  horizontal  turbine  of  this  type ;  the  number  is  determined 
by  the  power  required,  as  on  low  heads  the  size  of  a  single  runner 
soon  reaches  practicable  limits.  The  regulation  of  the  entry  of 
water  is  effected  by  gates  actuated  by  the  governor,  and  as 
lubrication  can  only  be  carried  oat  when  the  wheel  pit  is  emptied 
there  is  always  a  possibility  of  the  mechanism  sticking.  The 
gates  may  be  of  three  types,  viz. :  'a  cylinder  gate  moving  parallel 
with  the  shaft ;  a  ‘  register  ’  gate,  revolving  so  that  the  passages 
in  it  may  be  made  to  correspond  or  otherwise  with  fixed  openings ; 
or  a  pivoted  series  of  wicket  gates,  actuated  by  a  ring  and  crank 
so  as  to  increase  or  decrease  the  water  way. 

222.  Power  on  Low  Heads ;  Water  Used  ;  Speed.— Owing 
to  the  low  speed  of  turbines  under  very  low  heads,  an  indirect 
drive  is  always  necessary,  as  the  cost  of  direct-coupled  generators 
would  be  prohibitive.  We  have  then  (§  201) — 

lcW  =  Cusecs  x  Head  /  15*5, 

so  that,  for  a  7  or  8  ft.  head,  the  kW  output  will  be  about  half 
the  number  of  cusecs.  Dealing  with  such  a  great  volume  of  water 
as  this  means  a  large  expenditure  on  excavations  and  foundations. 
According  to  the  design  of  the  blades,  a  considerable  variety  of 
speeds  is  possible  without  reducing  the  efficiency ;  for  particulars 
of  speed  and  output,  manufacturers’  catalogues  must  be  consulted. 
In  order  to  obtain  a  higher  speed  for  a  given  output,  double  or 
quadruple  wheels,  mounted  on  a  single  shaft,  are  often  used;  the 
smaller  diameter,  with  the  same  peripheral  speed,  gives  a  greater 
number  of  revolutions  per  minute. 

223.  Variable  Heads. — In  the  case  of  low  falls  the  working 

*  Professor  Gibson  in  El.  Rev.y  Vol.  91,  Nov.  17, 1922. 
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head  often  varies  considerably.  If  the  available  quantity  of 
water  is  much  in  excess  of  the  demand,  it  may  be  convenient  so 
to  arrange  the  head  and  tail  channels  as  to  work  always  on  the 
minimum  head,  the  excess  of  head  (when  present)  being  sacrificed. 
This  is  not  difficult  to  arrange  in  the  diversion  channels,  by  means 
of  an  adjustable  weir  in  both  head  race  and  tail  races.  If  the 
whole  of  the  available  power  can  be  utilised,  according  to  the 
head  for  the  time  being,  then  (a)  the  output  of  a  given  turbine 
varies  directly  as  the  square  root  of  the  cube  of  the  head,  (6)  the 
normal  speed  varies  directly  as  the  square  root  of  the  head,  and 
(c)  the  quantity  of  water  used  varies  as  the  square  root  of  the 
head  also. 

Thus,  suppose  a  turbine  giving  100  B.H.P.  on  a  normal  working  head  of  10  ft., 
running  at  130  r.p.m.  and  using  103  cusecs.  Then,  if  the  same  wheel  is  made  to 
work  on  5-ft.  head, 

Output  =  100  J(5  /  10)3  =  100  JO-  125  =  35-4  B.H.P. 

Speed  =  130  J(5  /  10)  =  130  x  0*71  =  92  r.p.m. 

Quantity  —  109  J(5  /  10)  =  77  cusecs. 

A  reference  to  any  catalogue  will  show  that  these  relations  hold  good,  and 
the  specific  speed  (§  215)  will  be  found  to  be  74  in  both  sets  of  conditions. 

The  actual  speed  in  r.p.m.  can  be  varied  by  making  the 
diameter  larger  or  smaller  and  also  by  varying  the  bucket  design 
and  the  angle  at  which  the  water  enters ;  thus  for  a  given  head 
and  power  the  highest  practicable  speed  may  be  six  times  the 
lowest. 

Under  great  variations  of  head  the  voltage  is  maintained  con¬ 
stant  by  shunt  regulation  and  interpole  generators  ;  at  Chester 
the  working  head  varies  from  2  to  9  ft.  The  use  of  two  turbines 
on  the  same  shaft  is  also  sometimes  adopted.  There  are  some 
advantages  in  the  use  of  vertical  shaft  Francis  turbines  geared  to 
umbrella-type  generators.  Such  turbines  can  be  provided  with 
a  correctly  formed  suction  tube  for  the  utilisation  of  energy  which 
would  otherwise  be  lost,  and  the  spiral  inlet  chamber  makes 
possible  higher  inlet  velocity  than  could  be  used  with  horizontal 
turbines.  The  generator  may  run  at  10  or  12  times  the  turbine 
r.p.m.  and  can  therefore  be  a  relatively  small  and  cheap  machine. 
The  vertical  shaft  permits  the  power  house  floor  to  be  well  above 
flood  level,  and  the  fact  that  the  turbine  and  generator  are  not 
co-axial  permits  the  turbine  runner  to  be  removed  without  disturb¬ 
ing  the  generator  ( see  also  Science  Abstracts ,  Vol.  25  B,  p.  581). 
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224.  General  Lay-out  for  Medium  Falls.— The  limits  of  a 
medium  head  of  water  are  incapable  of  definition ;  low  heads 
gradually  merge  into  medium,  and  medium  into  high.  It  is  often 
doubtful  whether  an  open-type,  low-fall  turbine  should  or  should 
not  be  used  on  heads  of  the  order  of  10  ft.  and  upwards,  or 
whether  an  enclosed  reaction  turbine  with  a  supply  pipe  will  meet 
the  needs  of  the  case  better.  When  dealing  with  heads  where  a 
supply  pipe  must  necessarily  be  used,  the  question  arises  as  to 
where  an  impulse  wheel  becomes  preferable  to  a  reaction  turbine  ; 
probably  the  limit  here  will  be  in  the  neighbourhood  of  300- 
400  ft. 

As  in  the  case  of  low  falls,  so  long  as  the  reaction  type  of 
wheel  is  use.d  the  ‘ head  5  is  the  vertical  distance  between  the  head 
and  tail  waters  at  full  load,  a  draft  tube  being  employed  to 
utilise  the  suction  head.  When  the  jet  impulse  or  Pelton  wheel 
is  employed  the  fall  is  classified  as  ‘  high  head’  (q.v.).  There  is 
an  immense  variety  in  the  forms  of  hydraulic  lay-out  suitable  for 
medium  heads,  some  of  these  have  already  been  discussed  in  con¬ 
nection  with  low  heads,  the  difference  being  only  one  of  degree  ; 
others  follow. 

225.  Lifting  Dam  Lay-outs. — There  is  no  reason,  other  than 
one  of  cost,  why  lifting  dams  should  not  be  used,  where  the  con¬ 
ditions  are  suitable,  to  give  very  considerable  heads;  but  capital 
cost  sets  a  limit.  Where,  however,  this  type  of  scheme  is  adopted 
the  dam  generally  impounds  a  far  greater  quantity  of  water  than 
with,  low  heads  while  the  draft,  for  given  power,  is  reduced  in 
proportion  to  the  increase  of  head.  It  is  therefore  possible  to 
use  the  ponded  water  to  a  much  greater  extent  than  with  low 
heads,  as  a  given  drop  in  the  water  level  means  a  far  smaller 
percentage  drop  in  the  available  head.  Again,  the  volume  of 
stored  water  corresponding  to  1  ft.  of  depth  near  full  supply 
level  is  very  much  greater  than  when  the  reservoir  is  partially 
empty  ;  the  lower  depths  give  a  comparatively  small  volume  of 
4  dead  ’  or  unutilised  water.  If  the  head  depends  solely  on  the  dam 
the  maximum  draw-off  will  be  of  the  order  of  one-third  of  the 
depth,  as  beyond  that  regulation  would  become  impracticable. 
In  designing  a  scheme  employing  a  lifting  dam  it  is  necessary  to 
investigate  the  extent  of  the  afflux  of  the  water  up-stream,  in 
order  to  prevent  the  flooding  of  the  surrounding  country.  Even 
when  there  is  a  fair  bed  slope  the  velocity  of  the  stream  is 
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checked  and  the  waters  hank  up.  A  natural  gorge  has  the  same 
effect  where  a  river  has  cut  through  hills. 

For  example,  a  site  was  investigated  at  Maheswar  on  the  Narbada  River  in 
India,  where  there  were  rapids  giving  a  fall  of  some  20  or  SO  ft.  in  the  dry- 
weather;  it  was  proposed  to  build  a  low-lifting  dam  and  utilise  the  site.  The 
river,  however,  had  but  little  slope  except  at  this  one  point,  and  it  was  found  that 
a  gorge  about  100  miles  down-stream  had,  about  a  century  earlier,  backed  the 
water  up  no  less  than  63  ft.  at  the  site,  where  the  banks  were  high.  The  conse¬ 
quent  afflux,  even  without  the  addition  of  a  dam,  probably  flooded  the  flat  country 
over  thousands  of  square  miles.  The  small  head  would  in  any  case  disappear 
completely,  as  in  tact  it  was  found  to  do  in  the  monsoon ;  and  the  whole  power 
station  site  would  be  under  a  great  depth  of  water. 

226.  Natural  Waterfalls. — Most  natural  waterfalls  come 
under  the  category  of  medium  head  falls,  but  there  is  a  consider¬ 
able  variety  of  ways  of  developing  them.  There  must  be  an  in¬ 
take  from  the  river  above  the  fall  into  a  forebay,  protected  as 
already  explained  in  the  case  of  low  heads  from  the  entry  of 
floating  debris.  At  the  forebay  there  is  an  intake  chamber  for 
the  pipes  supplying  the  wheels,  also  protected  by  screens,  and 
capable  of  being  isolated  in  sections  by  gates  in  case  repairs  are 
necessary.  The  power  station  will  generally  be  on  the  bank  be¬ 
low  the  fall,  and  in  favourable  cases  the  length  of  pipe  line 
will  be  short.  The  draft  tubes  will  discharge  into  a  tail  race 
directly  connected  to  the  stream  below  the  fall. 

Special  conditions,  however,  have  been  met  by  other  arrange¬ 
ments.  Thus  several  of  the  Niagara  Falls  power  stations  have 
deep  vertical  wheel  pits  containing  the  turbines,  which  discharge 
their  tail  waters  through  a  tunnel ;  the  wheels  are  connected  by 
vertical  shafts  to  the  umbrella-type  generators  in  the  power  house 
on  the  surface,  and  by  vertical  pipes  to  the  forebay.  In  other 
cases  the  whole  power  station  has  been  placed  at  the  bottom  of  a 
vertical  shaft  in  the  rock,  with  a  similar  tail  race  tunnel,  because 
no  suitable  site  could  be  found  for  surface  buildings. 

227*  Combination  Falls. — Often  the  nature  of  the  ground 
admits  or  demands  additional  works,  such  as  head  or  tail  canals 
and  diversion  dams.  Thus,  with  a  natural  waterfall,  additional 
head  may  often  be  obtainable  by  tapping  the  stream  above  rapids 
higher  up  than  the  fall  itself  and  carrying  an  open  channel  or 
canal  to  a  forebay  at  or  beyond  the  fall.  Similarly,  rapids  below 
the  fall  can  be  utilised  by  locating  the  power  house  farther  down¬ 
stream  and  using  a  canal  to  shorten  the  costly  pipe  line.  Or, 
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again,  a  combination  of  these  two  variations  ma y  be  employed. 
Low  diversion  dams  across  the  river  are  often  required  to  level  up 
the  bed  above  a  waterfall  and  ensure  the  supply  at  low  water 
reaching  the  intake.  These  will  not  necessarily  increase  the 
available  head  appreciably,  for  instance  where  a  head  canal  is 
used ;  but  they  may  sometimes  be  sufficiently  high  to  act  as 
lifting  dams  and  to  raise  the  forebay  level.  Again,  where  the 
head  is  primarily  due  to  a  lifting  dam,  the  use  of  a  canal  may 
enable  rapids  lower  down  to  be  utilised.  Naturally  a  canal  can 
only  be  employed  when  the  ground  enables  it  to  be  constructed 
on  a  contour. 

228.  Bends  in  Rivers. — An  occasional  form  of  lay-out  on 
medium  heads  is  where  a  river  makes  a  great  bend  and  turns 
hack  on  itself.  If  the  bend  has  been  caused  by  cutting  through 
a  range  of  hills  there  may  be  a  considerable  fall  round  it,  and,  by 
tunnelling  through  the  intervening  spur,  this  can  be  utilised  for 
power. 

A  very  good  example  of  this  type  of  lay-out  (not  yet  developed)  is  found  on  the 
River  Sutlej,  where  it  emerges  from  the  Himalayas,  as  reference  to  any  ordinary 
atlas  will  show.  Here  an.  effective  fall  of  some  300  ft.  or  more  is  obtainable  with 
a  minimum  flow  of  about  3  000  cusecs  (say  60  000  kW),  which  can  be  greatly 
increased  if  necessary  by  storage ;  and  while  the  bend  extends  for  many  miles  the 
tunnel  and  pipe  line  will  be  quite  short. 

This  type  of  lay-out  might  even  reach  the  ‘  high-head  ’ 
level. 

229.  Storage  on  Medium  Heads. — As  a  general  rule  arti¬ 
ficial  storage  is  impracticable  until  the  ‘high  head’  type  of 
development  is  reached,  and  storage  is  therefore  dealt  with  more 
fully  in  Chapter  10.  Until  a  fairly  great  head  is  reached  the 
quantity  of  stored  water  required  to  tide  over  any  considerable 
period  renders  it  impracticable.  Reference  has  already  been 
made  to  the  use  of  the  water  ponded  by  a  lifting  dam  ;  but  this 
is  little  more  than  regulating  storage,  to  enable  a  varying  load 
to  be  met  by  a  constant  inflow  of  the  source.  If  the  quantity  so 
stored  is  very  large  it  may  enable  a  period  of  drought  to  be 
surmounted;  hut  this  would  seldom  be  practicable  unless  the 
ground  was  extraordinarily  favourable.  Such  conditions  may, 
however,  occur  where  a  large  level  basin  can  be  formed  into  a 
lake  by  a  comparatively  low  dam,  and  the  rainfall  and  run-off 
enable  it  to  be  refilled  periodically. 
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Thus  a  project  is  mentioned  in  the  Second  Report  of  the  Hydro-Electric 
Survey  of  India,  1919-20,  where  it  was  proposed  to  use  a  storage  of  7  000  million 
cu.  ft.  in  conjunction  with  a  fall  of  only  110  ft.  in  a  locality  when  the  rainfall  is 
very  precarious  and  the  minimum  flow  small. 

230.  Storage  and  Tidal  Power. — No  doubt  as  fuel  becomes 
more  expensive  tidal  power  may  supplement  other  forms  of 
hydro-electric  and  fuel-produced  power,  and  projects  are  being 
examined  at  the  present  day.*  For  the  most  part  such  projects 
will  be  of  low-head  status,  but  it  will  be  convenient  to  consider 
the  matter  briefly  here,  in  connection  with  storage.  The  head 
obtainable  by  damming  up  a  tidal  estuary  is  an  intermittent  one ; 
as  the  tide  rises,  its  level  will  reach  that  of  the  water  above  the 
dam;  .furthermore,  it  is  widely  variable  between  spring  and 
neap  tides.  Only  where  an  enormous  volume  of  water  can  be 
stored  is  there  an  economic  possibility  of  obtaining  power  on  a 
large  scale,  and  then  it  is  essential  to  make  that  power  continu¬ 
ous  ;  the  natural  conditions  for  large  storage  are,  however,  more 
often  found  in  estuaries  than  on  dry  land.  In  order  to  continue 
generating  power  during  the  period  when  the  tidal  head  dis¬ 
appears  it  is  necessary  to  install  reserve  plant.  This  may  be  fuel 
driven ;  but  an  alternative  exists  where  there  are  natural  storage 
sites  at  a  considerably  higher  level  than  the  tidal  basin  itself.  In 
such  a  case,  part  of  the  tidal  power  can  be  set  aside  exclusively 
to  pump  water  to  the  higher-level  basins, f  from  which  it  can  flow 
down  through  the  turbines  of  the  reserve  plant  when  needed. 
This  arrangement  is  expensive  in  capital  cost,  as  it  involves 
double  sets  of  plant  and  great  expenditure  on  storage  works ;  it 
is  also  uneconomical,  as  a  large  part  of  the  initial  power  is 
subject  to  double  conversion  losses ;  but  it  may  hereafter  be 
rendered  necessary  owing  to  the  increasing  cost  of  other  forms 
of  power.  It  may  be  possible  in  some  instances  to  utilise  the 
high  spring  tides  to  fill  high  level  basins,  which  can  be  kept  in 
reserve  to  supplement  the  reduced  power  at  times  of  neap  tide ; 
but  the  amount  of  storage  required  to  carry  over  a  large  power 
station  for  a  week  or  so  on  a  comparatively  small  head  will 

*  For  particulars  of  the  proposed  Severn  barrage  see  El.  Rev.,  Vol.  87,  pp. 
762,  788. 

t  Naturally  if  the  high  level  basin  can  be  filled  without  the  use  of  power  from 
the  plant  it  is  advantageous.  In  this  connection  there  are  possibilities  in  the 
‘  Hydrautomat  ’  which  utilises  a  fall  for  raising  a  portion  of  the  water  with 
exceptionally  high  efficiency  and  low  cost. 
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always  render  the  problem  a  difficult  one  of  economics  and 
finance. 

231.  Canals  and  Forebays  for  Medium  Heads. — Medium 
falls  will  generally  be  obtained  from  rivers,  and  according  to 
whether  there  is  an  actual  waterfall  or  merely  a  series  of  rapids, 
there  may  be  a  short  or  a  long  canal  or  flume  leading  to  the 
forebay  from  which  the  pressure  pipes  take  off.  In  the  former 
case  it  may  sometimes  be  practicable  to  build  the  forebay  directly 
on  the  up-stream  side  of  the  fall,  and  to  dispense  with  a  canal 
altogether.  Formulae  for  calculating  the  size  of  flumes  and  canals 
are  given  in  §§  211  et  seq.  ;  if  the  quantity  of  water  is  consider¬ 
able,  an  ordinary  earthwork  canal  will  be  used,  puddled  if  the 
ground  renders  it  necessary;  other  types  of  channel  are  dealt 
with  in  Chapter  10.  The  water  will  be  led  into  a  forebay,  from 
which  the  pressure  pipes  will  be  taken  off.  The  supply  at  this 
point  will  be  controlled  by  valves  or  gates,  and  an  overflow  and 
scour  must  be  provided.  As  a  rule  nothing  in  the  way  of  silt 
traps  (§  238)  will  be  required  with  fairly  large  discharges,  but 
strainers  are  necessary  for  catching  weeds  and  other  floating 
matter ;  a  coarse  ‘  trash  rack  ’  should  be  placed  at  the  intake  to 
protect  the  channel,  and  a  finer  one  in  the  forebay,  close  to  the 
gates,  to  protect  the  wheels.  The  usual  arrangement  is  to  have 
a  separate  intake  chamber  for  each  pipe,  controlled  by  gates  and 
screens,  but  open  to  the  air  at  the  top  although  protected  there 
from  the  entry  of  foreign  matter.  This  ensures  that  under  no 
circumstances  can  a  pipe  collapse  from  external  air  pressure,  and 
enables  repairs  to  be  effected  easily.  The  capacity  of  the  forebay 
needs  careful  consideration  where  any  length  of  canal  intervenes; 
generally  a  canal  on  a  plant  of  this  nature  is  kept  always  full, 
and  a  spill- way  is  constructed  at  the  forebay  so  that  in  case  of 
reduction  of  load  the  excess  water  can  pass  away  over  it ;  if, 
however,  there  is  a  necessity  for  economising  water,  as  will  be 
the  case  when  storage  is  depended  on,  it  is  necessary  to  regulate 
the  water  at  the  canal  intake.  There  must  then  be  sufficient 
water  stored  in  the  forebay  to  enable  a  sudden  rise  of  load  to 
be  coped  with  until  the  canal  flow  can  be  increased  and  can 
reach  the  forebay.  Often  it  is  convenient  to  have  a  long  spill¬ 
way  at  or  near  the  canal  intake,  so  that  when  water  is  plentiful 
an  excess  may  be  always  entering  and  when  the  afflux  reaches 
the  spill-way  level  no  further  appreciable  rise  can  occur. 
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232.  Pipes  for  Medium  Falls. — Where  the  conditions  are 
such  that  an  open  wheel  in  a  flume  cannot  be  employed,  the 
water  is  piped  down  to  a  cased-in  wheel,  and  a  draft  tube  leads 
into  the  tail  race.  The  velocity  of  the  water  in  the  supply  pipe, 
if  short  and  on  a  moderate  head,  may  be  as  high  as  0Tx/(2^flr), 
giving  3*6  ft.  per  sec.  for  20  ft. ;  5*1  ft.  per  sec.  for  40  ft. ;  and 
7*2  ft.  per  sec.  for  80  ft.  Whether  these  maximum  velocities  can 
be  realised,  depends  on  the  conditions  in  each  case.  The  size  of 
pipes  and  the  loss  of  head  in  them  under  different  conditions 
is  dealt  with  more  conveniently  in  connection  with  high  heads 
(§  247).  As  regards  the  thickness  of  metal  in  steel  pipes  (§  248) 
on  comparatively  low  heads,  the  result  of  the  ordinary  calcu¬ 
lations  may  give  too  low  a  result  for  mechanical  reasons.  The 
author  once  saw  a  very  large  pipe  (about  12  ft.  diameter)  on  a 
head  of  about  50  ft.  which  had  collapsed  inwards;  the  water  had 
been  let  out  through  the  draft  tube  when  the  gate  at  the  top 
was  closed,  so  that  practically  the  full  atmospheric  pressure  of 
14  lbs.  to  the  sq.  in.  was  acting  upon  the  upper  part.  The  pipe 
was  more  than  strong  enough  to  resist  the  internal  water  pressure, 
but  this  contingency  had  been  overlooked.  The  draft  tube, 
which  on  very  low  falls  is  usually  a  matter  of  2  or  3  ft.  only, 
may  theoretically  have  a  suction  of  nearly  30  ft.,  but  in  practice 
it  should  seldom  exceed  20  ft. ;  even  so,  unless  perfectly  air-tight, 
there  will  be  a  loss  of  efficiency.  At  high  elevations,  with  the 
barometer  standing  at  22  or  23  ins.,  the  suction  must  be  reduced 
proportionally,  as  well  as  in  very  large  pipes. 

Where  the  slope  of  the  pipe  line  or  part  of  the  same,  on  a 
medium  head,  is  very  gradual  a  stand  pipe  or  surge  tank  may  be 
necessary  at  the  power  house  or  at  the  end  of  the  flatter  portion. 
This  will  be  of  the  full  diameter  of  the  pipe  protected  and  will 
be  enlarged  at  the  top,  so  as  to  act  as  a  regulator  while  the 
velocity  of  the  water  is  adjusting  itself  to  new  load  conditions ; 
this  stand  pipe  will  be  carried  above  forebay  level  and  will  act 
as  a  subsidiary  forebay  closer  to  the  turbines,  storing  or  sur¬ 
plussing  water  when  the  draft  is  checked  and  supplying  it  while 
the  long  column  of  water  in  the  pipe  is  accelerating.  Thus  the 
speed  of  the  wheels  is  kept  more  nearly  constant  as  the  effective 
head  varies  but  little  ;  and  the  larger  the  surface  of  the  water 
at  the  top  of  the  surge  tower  the  less  will  the  variation  be.  In 
addition  to  the  simple  type  of  stand  pipe  there  is  a  differential 
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tyPe>  consisting-  of  a  plain  vertical  stand  pipe  surrounded  by  a 
storage  tank  of  larger  dimensions,  connected  to  it  by  inlets  of 
restricted  size.  Here,  if  it  be  assumed  that  there  is  a  steady 
load,  the  water  in  the  inner  and  outer  compartments  will  be  at  the 
same  level.  If  now  load  is  thrown  off,  the  check  to  the  flow  causes 
the  water  in  the  plain  stand  pipe  to  rise  to  a  higher  level  than 
that  in  the  outer  tank,  into  which  it  will  discharge ;  but,  as  the 
passages  are  restricted,  the  level  in  the  outer  tank  will  take  some 
time  to  rise  to  the  new  level,  according  to  the  difference  of  head. 
If,  on  the  other  hand,  extra  load  were  thrown  on,  the  stand  pipe 
would  at  once  respond  to  the  demand  and  fall  in  level,  while  the 
outer  tank,  now  standing  at  a  higher  level,  would  refill  the  stand 
pipe  at  a  rate  corresponding  to  the  difference  in  head.  The 
design  of  surge  tanks  is  a  complicated  matter  which  would  be 
out  of  place  in  this  volume  (see  Bibliography,  §  258). 

233.  Turbines  for  Medium  Heads. — As  in  the  case  of  low 
heads,  the  Francis  type  of  wheel  is  most  generally  used  on 
medium  heads;  but  it  is  of  the  cased-in  type,  supplied  by  a  pipe 
and  discharging  through  a  draft  tube.  The  most  usual  form  is 
the  ‘  spiral-cased  *  wheel,  in  which  the  water  passes  into  the  wheel 
all  round  the  periphery,  by  means  of  a  passage  graduated  to  suit 
the  diminishing  volume  of  flow  as  water  is  taken  off  through  the 
guide  blades.  The  pipes  may  enter  either  at  the  end  of  the 
wheel,  parallel  with  the  shaft,  or  at  the  side  and  at  right  angles 
to  the  shaft.  The  wheels  may  be  classified,  according  to  the 
direction  of  flow  of  the  water  in  them,  as  inward-flow,  outward- 
flow,  parallel-flow,  or  mixed-flow,  the  latter  being  the  most  gener¬ 
ally  used.  In  this  last-named  type  the  guide  blades  are  placed 
round  the  outside  of  the  wheel  and  the  water,  entering  at  the 
periphery,  flows  towards  the  shaft  as  in  an  inward-flow  wheel ; 
then  the  direction  changes  to  that  parallel  with  the  shaft  and  so 
discharges  into  the  draft  tube.  The  guide  vanes  themselves  are 
hinged  and  used  as  the  wicket  gate  for  regulation. 

As  mentioned  in  §  215,  new  types  of  reaction  wheels  for  low 
and  medium  heads,  with  high  specific  speeds,  are  now  being 
introduced  and  may  considerably  modify  future  practice. 

For  small  powers,  impulse  wheels  of  different  type  from  the 
Pelton  wheel  were  at  one  time  extensively  used,  such  as  the 
Girard,  which  has  done  good  service.  In  this  type  the  water 
from  a  rectangular  jet  emerged  at  the  full  velocity  due  to  the 
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head  and  struck  the  curved  vanes;  the  water  passed  radially 
outwards  from  the  jet,  which  was  placed  between  the  shaft  and 
the  periphery. 

Recently  the  Banki  turbine,  an  entirely  novel  type  of  impulse 
wheel,  has  been  placed  on  the  market  for  fairly  small  powers. 
This  is  a  modification  of  the  old  Poncelet  wheel,  differing  from 
it  in  that  the  buckets  of  what  is  practically  an  undershot  water 
wheel  are  open  at  the  back  instead  of  closed.  The  water,  enter¬ 
ing  with  the  velocity  due  to  the  head,  passes  through  the 
forward  set  of  curved  vanes ;  in  doing  so,  it  delivers  up  about 
78  °/Q  of  its  theoretical  power  but  still  continues  to  travel  with 
considerable  velocity.  The  water,  now  travelling  across  the 
inside  of  the  wheel,  in  a  direction  slightly  upwards,  then  strikes 
the  buckets  on  the  opposite  of  the  wheel  from  the  inside,  in  the 
reverse  direction,  and  delivers  up  the  practicable  remainder  of 
its  power.  The  wheels  are  cylinders  with  the  length  up  to 
twice  the  diameter,  and  the  curved  vanes  run  parallel  with  the 
shaft ;  the  jet  is  rectangular  and  of  the  full  length  of  the  wheel, 
the  breadth  being  regulated  by  a  plain  gate  which  reduces  the 
breadth  of  the  jet  over  its  whole  extent ;  a  deflector  is  also  em¬ 
ployed  to  surplus  the  water  at  partial  gate  opening.  As  in  other 
impulse  wheels,  the  peripheral  speed  is  limited  to  a  little  less 
than  half  the  jet  velocity,  or  ;  on  low  heads  it  is  there¬ 

fore  necessary  to  drive  the  generator  indirectly.  The  specific 
speed  (British  units)  of  single  runners  is  intermediate  between 
that  of  the  Pelton  wheel  (say  1-7)  and  the  Francis  wheel  (say 
25-90),  varying  from  about  11  on  moderate  heads  up  to  25  on 
low  heads;  it  is  stated  by  the  makers  to  be  119  metric  (=-27 ’2 
British)  where  the  breadth  is  twice  the  diameter,  and  can  be 
increased  to  double  these  values  with  four  runners. 

Bibliography  (see  §  258). 
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WATER-POWER  (contd.):  DEVELOPMENT  OF  HIGH 

FALLS. 

234.  Conditions  of  High-fall  Development. — As  in  the  low 

and  medium  falls  already  examined,  there  is  a  great  variety  of 
type  in  high-fall  developments.  Broadly,  two  divisions  may  be 
considered,  viz. :  projects  depending  primarily  on  flow  and  those 
depending  primarily  on  storage ;  but  combinations  of  the  two  are 
also  common.  In  this  connection  a  clear  distinction  must  be  drawn 
between  regulating  storage ,  adopted  for  taking  care  of  day  to 
day  or  possibly  week  to  week  fluctuations  of  load,  and  main 
storage ,  designed  to  carry  the  entire  load  for  extended  periods. 
A  high  working  head  can  generally  be  obtained  only  from  the 
flow  of  hill  streams  or  the  stored  water  of  mountain  catchments. 
The  fall  is  generally  obtained  by  leading  off  the  water  in  an  open 
canal  or  artificial  channel,  with  a  small  slope,  until  it  has  reached 
a  point  where  the  accumulated  fall  is  sufficient ;  there  the  forebay 
is  constructed  and  steel  pipes  convey  the  water  to  the  wheels. 
Occasionally  sufficient  fall  can  be  obtained  on  the  spot  to  enable 
the  canal  to  be  dispensed  with,  the  pipes  being  led  directly  down 
to  the  power  house  from  a  forebay  at  the  source ;  this  is  naturally 
cheaper  in  cost  and  preferable  when  the  ground  admits  of  it. 

235.  High-fall  Projects  Depending  Mainly  on  Flow  — 
Where  a  hill  river  or  stream  has  a  reasonably  high  minimum  flow 
and  a  steep  descent,  the  limit  of  fall  obtainable  depends  mainly 
on  the  distance  to  which  the  banks  allow  a  contour  canal  to  be 
constructed.  #Wrhen  the  limits  of  the  canal  are  reached,  or  at  an 
earlier  point  if  the  required  fall  has  been  obtained,  the  forebay  is 
laid  down  from  which  the  supply  to  the  wheels  is  taken  by  pipes. 
If  possible  a  large  forebay  or  an  independent  regulating  reservoir 
is  a  useful  addition  as  it  enables  a  fluctuating  load  to  be  dealt 
with,  larger  than  the  stream  is  capable  of  supplying  continuously. 

The  canal  may  be  on  either  bank  of  the  stream  or  may  be 
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carried  by  means  of  a  tunnel  through  the  hillside  to  a  neighbour¬ 
ing  stream,  where  a  greater  fall  is  obtainable  ;  the  canal  can  also 
be  continued  in  this  new  catchment,  and  it  may  be  practicable  to 
lead  the  waters  of  it  into  the  canal  also.  Sometimes  several 
streams  can  in  this  way  be  harnessed  together,  either  by  open 
contour  channels  alone,  or  in  combination  with  tunnels,  syphons, 
and  even  suspension  aqueducts. 

In  hill  streams  the  normal  flow  is  generally  clear  and  moderate 
or  small  in  amount ;  after  heavy  rain  the  discharge  is  increased 
many  hundred  fold,  and  the  high  velocity  may  cause  it  to  carry 
along  a  large  amount  of  mud,  gravel,  and  boulders.  These,  despite 
various  methods  of  trapping  them,  will  inevitably  tend  to  block 
up  the  channel  and  reach  the  forebay  and  the  wheels,  so  that  it 
may  be  advisable  during  spates  to  close  the  head-works  gates ; 
but  this  can  only  be  done  where  sufficient  storage  is  carried  to 
tide  over  the  worst  period,  and  the  problem  offers  much  scope 
for  ingenuity  in  the  designer.  Occasionally  a  high  fall  can  be 
obtained  from  a  comparatively  sluggish  stream,  or  one  with  a 
natural  lake  regulating  its  flow  and  clearing  its  waters,  when  the 
problem  is  simplified.  By  means  of  a  dam  in  the  stream  itself  it 
may  be  possible  to  reproduce  these  natural  conditions,  but  there  is 
always  the  possible  silting  up  of  this  artificial  lake  to  be  reckoned 
with.  If  the  water  is  seldom  silt-laden  the  storage  obtained  in 
this  way  may  be  most  valuable  for  regulating  purposes. 

236.  Head-works. — No  two  streams  require  the  same  treat¬ 
ment  at  the  head-works,  where  the  water  is  tapped  off.  If  the 
stream  is  a  comparatively  sluggish  one,  and  the  ground  is  suitable, 
water  may  be  impounded  in  the  stream  bed  itself  by  a  dam  ;  this 
will  be  cheaper  than  an  excavated  reservoir  in  proportion  to  the 
amount  of  water  stored.  In  such  a  case  it  may  sometimes  be 
practicable  to  pipe  the  supply  straight  from  the  reservoir,  putting- 
in  valves  and  strainers  there.  Unless  the  site  is  abnormally 
favourable,  however,  it  is  useless  to  build  a  dam  for  storage  pur¬ 
poses  if  the  debris  brought  down  the  stream  is  considerable,  as 
the  capacity  will  be  rapidly  reduced.  In  the  case  of  torrents,  i£ 
the  bed  at  the  head-works  site  is  rock  which  can  be  depended 
upon,  an  inexpensive  diversion  into  the  flume  will  serve  as  well 
as  anything ;  a  gang  of  labourers  can  ensure  continuity  of  supply. 
If  the  bed  is  not  of  solid  rock  it  is  liable  to  be  scoured  out  and  to 
drop  perhaps  20  ft. ;  in  such  cases  the  flume  proper  should  begirx 
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at  a  somewhat  lower  level  than  the  point  of  tapping,  so  that, 
whatever  happens,  it  will  always  be  possible  to  lead  the  water 
into  it.  The  loss  of  20  ft.  of  head  can  perhaps  be  ill  spared,  but 
it  is  obviously  safer  to  lose  it  rather  than  to  find  the  flume  high 
and  dry  above  the  remains  of  the  head-works.  So  long  as  no  such 
catastrophe  occurs  the  spare  head  can  be  disposed  of  by  discharg¬ 
ing  down  a  series  of  steps. 

In  some  cases,  following  irrigation  practice  in  canal  protective 
works,  protection  against  scour  has  been  sought  by  means  of 
boulder-crates,  sunk  deep  down  and  continued  up  to  the  surface 
level ;  these  are  made  up  of  heavy-gauge  galvanised  iron  wire, 
threaded  into  a  large-mesh  cubical  box,  and  filled  with  large 
stones.  The  chief  advantages  of  these  crates  over  masonry  are 
that  they  can  easily  be  unloaded  and  moved  when  necessary,  and 
that  they  are  not  readily  destroyed  by  the  impact  of  boulders. 
The  less  masonry  is  employed  at  the  head-works  of  mountain 
torrents,  the  more  likely  are  the  works  to  stand ;  until  the  flume 
is  well  above  flood-level,  it  cannot  be  considered  safe  from  destruc¬ 
tion  in  flood  times,  and  at  this  point  there  should  be  a  by-pass 
back  to  the  stream.  The  gates  controlling  the  entrance  to  the 
flume  should  preferably  be  rough  and  inexpensive ;  valves  stand 
a  very  good  chance  of  sticking  after  a  few  weeks  owing  to  mud 
and  debris  choking  them. 

237.  Open  Channels. — Assuming  that  some  distance  inter¬ 
venes  between  the  head-works  and  power  house,  an  open  channel 
is  generally  preferable  to  pipe- work  for  conveying  the  water  to  a 
point  above  the  station.  The  object  of  the  channel  is  to  convey 
the  required  quantity  of  water  to  the  forebay  with  as  little  loss  of 
head  as  possible.  If  the  quantity  is  very  large  and  the  ground 
suitable  a  canal  in  earth  will  be  used;  but  in  the  hills  the  con¬ 
ditions  are  adverse  to  this.  There  remain  rectangular  wooden 
flumes  and  semicircular  iron  channels,  carried  on  trestles,  both  of 
which  are  very  largely  used  in  America ;  also  concrete  flumes, 
and,  for  very  small  discharges,  even  galvanised  iron  flumes. 

In  calculating  the  size  and  slope  of  the  flume  the  formula  given 
in  §§  210,  211  may  be  used,  as  in  the  example  there  given,  pre¬ 
liminary  data  being  assumed  The  trapezoidal  or  semicircular 
shape  will  generally  be  the  best,  as  these  give  a  larger  hydraulic 
mean  depth  (§  210)  than  a  rectangular  section  of  the  same  area. 
In  constructing  a  flume,  it  is  well  to  remember  that  a  very  slight 
vol.  1.  337  22 


§  238  ELECTRICAL  ENGINEERING  PRACTICE 

error  in  the  slope  may  either  bank  the  water  up  and  cause  it  to 
overflow  or  may  increase  the  velocity  sufficiently  to  wear  away 
the  material  rapidly.  Furthermore,  at  all  angles  in  the  direction 
of  flow  the  friction  is  increased,  and  either  the  area  or  the  slope 
should  be  increased  accordingly  and  the  afflux  calculated.  When 
in  work  there  is  always  a  danger  of  a  flume  becoming  blocked  by 
landslips,  and  the  consequent  overflow  may  wash  away  the  track 
on  which  it  is  placed.  To  minimise  the  effects  of  this,  the  top  levels 
should  be  varied  in  such  a  way  that  if  the  water  overflows  it  will 
do  so  where  the  ground  will  stand  it ;  with  slopes  of  the  order  of 
1  in  1  000  a  slight  raising  of  the  height  of  the  flume  walls  at  all 
dangerous  points  will  ensure  this.  Furthermore,  at  convenient 
points,  e.g.  where  crossing  small  streams,  the  bed  of  the  flume 
should  be  dropped  and  a  gate  put  in,  capable  of  diverting  the 
whole  flow  back  into  the  main  stream.  It  is  evident  that,  on 
steep  ground,  cutting  away  the  hillside  should  be  reduced  to  a 
minimum ;  a  wooden  or  iron  flume  can  be  carried  along  on  sup¬ 
ports  without  appreciably  disturbing  the  ground.  Where  land¬ 
slips  are  inevitable,  the  expense  of  tunnelling  may  have  to  be  faced. 
Where  even  small  streams  have  to  be  crossed  in  hilly  country,  it 
is  well  to  remember  that  they  may  become  violent  torrents  for 
long  enough  to  cut  away  their  banks  and  destroy  any  pillar  or 
support  placed  in  their  beds.  It  is  therefore  advisable  to  span  the 
flume  clear  over  these  streams,  either  by  a  suspension  bridge, 
where  the  distance  is  great,  or  by  a  reinforced  concrete  culvert  or 
single  arch  for  short  spans. 

238.  Sand  Traps. — Where  the  head  on  the  Pelton  wheels  is 
considerable  the  sand-blast  action  of  solid  matter  in  the  water 
wears  away  the  nozzles,  spears,  and  buckets,  and  a  reasonably 
clear  supply  is  essential.  If  there  is  a  large  dam  and  reservoir  at 
the  head-works  this  will  be  assured,  except  as  regards  debris  col¬ 
lected  en  route  to  the  power  house ;  if  the  reservoir  is  at  the 
power  house  end  of  the  flume  it  will  indeed  collect  and  deposit 
most  of  the  solid  matter  discharged  into  it,  but  this  will  have  to 
be  cleared  out  from  time  to  time  at  considerable  expense.  It  is 
on  this  account  expedient  to  build  special  sand  traps  arranged  for 
more  or  less  automatic  cleaning.  Obviously  settling  such  as  is 
effected  for  water  supply  is  impracticable;  fine  mud  will  take 
days  to  settle,  and  must  be  left  in  suspension ;  but  all  except  the 
finest  silt  will  be  quickly  deposited  if  the  velocity  of  flow  is 
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sufficiently  reduced.  Considerable  expenditure  on  sand  traps 
or  silt  tanks  may  be  justifiable,  as  worn  nozzles,  spears,  and 
buckets  seriously  affect  the  efficiency  of  the  wheels  and  even 
cause  considerable  leakage  between  the  closed  spear  and  the 
nozzle. 

To  prevent  the  flume  getting  choked,  it  is  preferable  to  clean 
the  water  before  its  entry,  i.e.  close  to  the  head-works  ;  this,  how¬ 
ever,  is  not  always  practicable,  and  traps  must  be  placed  wherever 
the  ground  is  favourable.  Two  identical  arrangements  of  sand 
traps  are  seldom  found ;  the  problem  must  be  solved  according 
to  circumstances,  and  it  wiJl  be  found  interesting.  Practically 
speaking,  the  flume  is  both  widened  and  deepened,  so  as  to  re¬ 
duce  the  velocity  of  flow  to  6  ins.  per  sec.  or  less.  A  strainer  or 
trash-rack  may  be  used  for  catching  floating  debris  and  stones. 
In  order  that  a  sand  trap  may  be  self-cleaning,  several  large  gates 
should  be  provided,  and  the  floor  level  should  slope  fairly  steeply 
from  all  sides  down  to  each  gate.  Baffle  walls,  raised  to  the  level 
of  the  flume  bottom,  will  direct  the  flow  of  water  towards  these 
gates,  and  the  accumulated  mud  will  be  dislodged  by  the  rush  of 
water  when  the  gates  are  opened.  The  gates  must  be  strong  but 
not  too  close-fitting,  otherwise  they  will  get  jammed  owing  to  the 
mud ;  they  should  be  opened  regularly  every  day  to  ensure  free¬ 
dom,  even  at  times  when  the  water  is  clear.  If  there  is  more 
water  available  than  is  required,  a  small  amount  can  be  discharged 
continuously  at  these  gates,  and  this  will  tend  to  prevent  the  ac¬ 
cumulation  of  mud  on  the  floor.  It  is  probable  that  centrifugal 
action  in  a  suitably  designed  basin,  caused  by  the  radial  entry  of 
the  water,  could  be  used  for  the  automatic  discharge  of  a  good 
proportion  of  sand  or  silt,  just  as  it  collects  at  the  orifice  of  a 
circular  hand  basin. 

239.  Regulating  Storage  of  Water. — A  regulating  reservoir 
in  a  hydro-electro  scheme  may  fulfil  two  functions ;  it  may  serve 
to  augment  the  quantity  of  water  available  at  times  of  heavy  load, 
by  storing  the  unused  supply  during  the  hours  of  light  load,  and 
it  may  act  as  a  reserve  against  break-down  in  the  water  supply 
between  itself  and  the  head-works.  Where  the  supply  is  plentiful 
and  perennial  the  first  function  need  not  be  considered ;  where  the 
reservoir  is  of  necessity  placed  at  the  head-works  the  second  use 
disappears  to  a  great  extent,  as  a  break-down  is  more  likely  to 
occur  in  the  flume  than  anywhere  else. 
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Consider,  b*y  way  of  example,  a  hydro-electric  scheme  with  a  head  of  1  000  ft. 
and  a  minimum  flow  of  15  cusecs.  Then  about  1  000  kW  can  he  depended  upon 
continuously  day  and  night  (§  201)  or  24  000  kWh  per  diem.  If  the  average  load 
on  the  station  is  500  kW,  the  daily  output  will  be  12  000  kWh,  or  half  the  maxi¬ 
mum,  i.e.  the  load  factor  (§  261)  will  be  50  0/o>  though  the  plant  installed  to  meet 
peak  loads  would  be  much  greater.  Thus  we  may  suppose  half  of  the  total  out¬ 
put,  or  6  000  kWh,  to  be  generated  during  the  three  hours  of  heaviest  load,  viz. 
2  000  kW,  as  would  happen  in  the  case  of  a  load  mainly  for  lighting.  Then  for 
these  three  hours  the  demand  would  be  30  cusecs  and  the  supply  15  cusecs,  so  the 
balance  would  have  to  be  obtained  by  storage ;  15  cusecs  for  3  hrs.  —  162  000  cu.  ft. 
In  case  of  break-down  to  the  water  supply,  this  quantity  would  keep  the  plant 
working  for  14  hr.  at  maximum  load,  which  would  not  be  sufficient  unless  the 
risks  of  break-down  were  very  small;  but  the  amount  of  storage  actually  allowed 
for  must  necessarily  depend  on  the  cost  of  the  reservoir.  Where  a  natural  site  for 
a  dam  exists,  it  may  cost  no  more  to  provide  a  month’s  full-load  supply  than  to 
build  an  artificial  tank  for  one  day’s  supply. 

In  the  example  just  given  the  actual  output  was  assumed  to  be  half  the  maxi¬ 
mum  possible  with  15  cusecs  available.  Therefore,  m  the  course  of  24  hrs.,  if  the 
efficiency  of  the  turbines  remained  constant  at  all  loads,  half  the  available  water 
would  run  to  waste,  or  648  000  cu.  ft.  Allowing  for  the  lower  efficiency  at  reduced 
load,  assume  that  600  000  cu.  ft.  would  actually  run  off  unused  in  the  absence  of 
storage.  This  then  is  the  maximum  amount  which  could  usefully  be  stored. 
With  this  reserve  it  would  be  possible  to  still  further  increase  both  the  plant 
capacity  (i.e.  the  maximum  load)  and  the  total  output,  assuming  that  a  demand 
existed.  The  reserve  alone  would  be  capable  of  giving  5  000  kW  for  two  hours, 
apart  from  the  15  cusecs  of  normal  flow  still  coming  in ;  and  the  total  units  of 
output  per  diem  could  be  brought  up  to  the  maximum  possible,  viz.  24  000  kWh, 
on  any  load  factor. 

Another  example  will  serve  to  illustrate  how  the  amount  of  storage  required 
maybe  calculated  where  the  dry-weather  flow  is  small  and  a  suitable  site  exists 
for  a  dam  across  a  valley.  The  data  were  as  follows :  Maximum  power  required 
at  points  of  utilisation,  224  kW,  or  300  E.H.P. ;  allowing  for  transmission,  383. 
E.H.P.  from  the  generators ;  370  B.H.P.  from  the  turbines  ;  493  theoretical 
water  H.P.  at  75  °/0  wheel  and  pipe  efficiency.  Probable  load  factor,  30  °/Q;  so 
units  delivered  to  consumers  =  224  x  0‘3  x  365  x  24  =  587  000  kWh  per  annum 
(equivalent  to  786  000  E.H.P.-hrs.),  and  units  generated,  650  000  per  annum.  Net 
available  head  of  water,  220  ft.  It  was  found  that  the  natural  flow  of  the  stream 
would  be  sufficient  to  run  the  plant  during  eight  months  of  the  year,  but  during 
four  months  supplementary  storage  would  be  required.  With  a  large  reservoir  the 
minimum  flow  ceases  to  be  important ;  the  average  flow  determines  the  necessary 
capacity.  The  average  flow  during  these  four  months  was  estimated  to  be  1£ 
cusecs,  which  gives  16  million  cu.  ft.  in  four  months. 

From  these  data,  it  will  be  seen  that  786  000  E.H.P.-hrs.  delivered  to  con¬ 
sumers  is  equivalent  to  786  000  x  493  /  300  or  1  290  000  theoretical  water  H.P.- 
hrs.  in  the  year ;  in  four  months  therefore  the  requirements  will  be  430  000  water 
H.P.-hrs.  But  1  cusec  gives  1  x  62*3  x  220  /  550  =  25  water  H.P.  In  one  hour 
this  rate  of  flow  uses  3  600  cu.  ft.  of  water  and  gives  25  water  H.P.-hrs.,  thus  using 
144  cu.  ft.  per  theoretical  H.P.-hr.  Therefore  the  total  water  used  in  four  months 
will  be  430  000  x  144  =  62  million  cu.  ft.  Deducting  the  inflow  of  16  million  cu. 
ft.,  the  minimum  storage  required  to  tide  over  the  dry  period  is  46  million  cu.  ft. 
In  most  cases  storage  on  this  scale  for  so  small  a  power  development  would  be 
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prohibitive  in  cost ;  had  the  head  heen  1  000  or  1  500  ft.  the  proposition  “would 
have  been  more  favourable. 

240.  Points  in  Design  of  Balancing  Reservoirs. — The 

construction  of  dams  and  reservoirs  is  beyond  the  scope  of  this 
book,  but  some  practical  points  may  be  mentioned.  If  the  turbine 
pressure  pipes  take  off  directly  from  the  reservoir,  the  effective 
depth  of  the  latter  should  be  a  small  fraction  of  the  total  head; 
otherwise  the  variations  of  head  between  full  and  empty  reservoir 
will  affect  the  working  of  the  plant.  Symmetry  in  design  of  an 
artificial  tank  is  of  no  importance ;  the  object  is  to  get  as  much 
storage  as  possible  for  a  given  expenditure,  and  every  foot  of 
ground  should  be  utilised ;  this  applies  more  particularly  to  hills, 
where  the  levelling  off*  of  a  bluff  is  generally  necessary  to  obtain 
a  site.  There  should  invariably  he  a  silt  trap  immediately  pre¬ 
ceding  an  artificial  reservoir ;  otherwise  the  foreign  matter 
collected  by  the  flume  en  route  will  be  troublesome ;  a  natural 
reservoir  formed  by  a  dam  in  a  stream  bed  must,  of  course,  take 
care  of  itself  in  this  respect,  unless  it  is  possible  to  build  a  smaller 
dam  farther  up-stream  for  use  as  a  silt  trap.  An  overflow  weir, 
with  a  safe  passage  for  surplus  water,  is  also  essential 

It  is  sound  practice  to  sectionalise  the  reservoir  where  muddy 
water  has  to  be  dealt  with,  so  that  one  part  can  be  cleaned  while 
another  is  in  use.  To  facilitate  cleaning,  there  should  be  a  slope 
of  the  floor  towards  the  scour  outlets.  The  part  of  the  reservoir 
from  which  the  pressure  pipes  are  led  off  should  be  isolated  from 
the  rest,  and  fed  normally  with  clear  water  from  the  top  surface, 
through  fine  screens  and  gates  ;  but  there  must  also  he  valves  at 
the  bottom  of  this  chamber  for  use  when  the  stored  water  has  to 
be  drawn  upon.  A  by-pass  from  the  flume,  similarly  protected, 
should  be  led  directly  into  this  draw-off  chamber,  so  that  the 
reservoir  can  be  closed  for  repairs  without  shutting  down  the 
plant.  Obviously  this  diversion  should  pass  through  the  reservoir 
silt  trap,  or  sand  will  get  into  the  pipes  and  valves.  Continuous 
gauze  screens,  revolved  by  hand  or  motor,  are  more  satisfactory 
than  fixed  screens,  which  easily  get  choked.  The  water-way 
through  th^se  must  be  sufficient  to  pass  the  full  draft  under  the 
lowest  working  reservoir  depth.  If  it  so  happens  that  the 
reservoir  must  be  some  distance  from  the  power  house,  it  may 
prove  economical  not  to  run.  pressure  pipes  for  the  w hole  distance ; 
the  alternative  is  to  run  the  pressure  pipes  up  the  shortest  route 
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to  the  reservoir  level,  and  there  to  put  a  small  open  balancing 
chamber  or  pen-trough  which  can  be  fed  from  the  reservoir  by  a 
closed-in  horizontal  pipe  (metal  or  concrete)  which  is  not  subject 
to  any  appreciable  pressure.  If  an  open  channel  is  used,  the 
head  due  to  the  reservoir  depth  would  be  sacrificed,  and  hand 
regulation  of  the  water  would  be  necessary ;  this  is  only  practic¬ 
able  where  there  is  a  permanent  excess  of  supply  over  demand. 

241.  High-fall  Projects  Depending  Mainly  on  Storage.— 
A  different  class  of  project  altogether  has  been  developed  in 
certain  areas  where  the  natural  conditions  were  favourable,  and 
especially  in  the  Western  Ghat  range  in  Bombay  Presidency. 
Here  the  monsoon  from  the  Indian  Ocean  bursts  in  full  force  on 
the  crests  of  the  mountains,  giving  a  rainfall  of  from  150  to  over 
250  ins.  in  the  course  of  a  few  months ;  for  the  rest  of  the  year  an 
occasional  thunderstorm  is  the  only  precipitation.  In  these  cir¬ 
cumstances  the  run-off  is  extremely  high  and  the  streams  dry  up 
very  rapidly  when  the  rain  ceases,  so  that  there  is  practically  no 
flow  for  9  months  of  the  year.  In  the  locality  referred  to,  and 
possibly  elsewhere,  there  are  valleys  at  a  high  elevation  which 
lend  themselves  to  storage  on  an  immense  scale  by  means  of  high 
dams ;  but  very  few  such  localities  have  so  far  come  to  light. 
By  storing  the  whole  monsoon  flow  even  over  a  comparatively 
small  catchment,  such  as  is  necessarily  found  high  up  on  a  moun¬ 
tain  range,  an  immense  volume  of  water  can  be  stored,  sufficient 
to  keep  a  large  power  station  at  work  throughout  the  year,  just 
as  large  irrigation  systems  have  long  been  similarly  fed. 


Thus  ifc  will  be  seen  from  the  data  in  §  202  that  200  ins.  of  rain  on  20  sq.  mis. 
of  catchment  will  give  some  9  000  million  cu.  ft.  of  water  ;  this,  neglecting 
losses  by  evaporation,  etc. ,  will  on  2  000  ft.  head  provide 


9  000  x  2  000 
500 


36  000  kW-years, 


which  on  commercial  load  factors  would  enable  a  plant  of  from  70  000  to 
100  000  kW  to  be  installed.  There  are  existing  plants  comparable  with  this 
example. 


242.  Types  of  High-fall  Storage  Lay-out. — In  the  utilisa¬ 
tion  of  these  high  level  artificial  lakes  several  methods  have  been 
adopted.  If  there  is  a  direct  fall  from  the  lake,  or  one  of  a  con¬ 
nected  series  of  lakes,  to  the  power  house  site  the  conditions  are 
ideal.  If  the  most  favourable  fall  is  on  the  opposite  side  of  the 
watershed,  or  if  two  lakes  are  so  placed,  a  tunnel  is  constructed. 
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Thus,  in  the  Andhra  Valley  works  in  India,  a  dam  of  190  ft. 
forms  a  lake  with  a  surface  area  at  full  supply  level  of  25  sq. 
mis.  All  the  water  below  about  30  ft.  from  the  surface  is 
‘  dead,’  a  lined  pressure  tunnel  being  cut  through  the  watershed 
for  about  2  mis.  at  this  point.  At  the  tunnel  exit  there  is  a 
sloping  surge  pipe,  also  cut  in  the  solid  rock,  to  counteract  the 
changes  of  velocity  in  the  tunnel ;  and  from  here  the  pipes  are 
carried  down  a  steep  slope  to  the  power  station  some  1  750  ft. 
below  lake  level.  The  junction  of  tunnel  and  pipes  carries  the 
stop  valves. 

In  other  cases  open  channels  are  necessary  to  carry  the  water 
from  where  it  is  stored  to  a  forebay  from  which  it  is  piped  down 
(§  287). 

If  in  addition  to  large  storage  there  is  also  a  steady  inflow 
from  the  catchment  area  the  power  possibilities  are  to  that 
extent  increased,  as  no  water  need  be  lost.  Thus  1  cusec  flowing 
for  a  year  will  give  535  kWh  pet  ft.  of  head.  Storage  projects  of 
the  nature  here  dealt  with  are  generally  only  practicable  on  fairly 
high  heads,  as  the  cost  of  the  dams  per  H.P.  developed  is  in  inverse 
proportion  to  the  head. 

243.  Storage  and  Flow  Combined  on  High  Heads.  — 

The  great  hydro-electric  plants  of  Norway  have  the  immense 
advantage  of  natural  storage  coupled  with  perennial  flow  from 
snow  mountains;  the  rivers  pass  through  great  lakes  at  high 
altitude,  which  before  they  were  used  for  the  purpose  had  a  large 
water  spread.  By  placing  a  comparatively  low  dam  at  the  outlet 
great  storage  capacity  is  obtained,  and  the  draft  can  be  regulated 
without  waste  throughout  the  whole  year.  Furthermore,  in  the 
Rjukam-Notodden  chain  of  power  houses  there  is  a  lake  of  this 
nature  between  the  high-fall  plants  and  the  series  of  low-fall  de¬ 
velopments  already  referred  to,  so  that  an  excess  or  deficiency  of 
flow  from  the  upper  side  can  be  compensated. 

Sometimes  the  combination  of  two  perennial  streams,  each 
with  artificial  storage  from  a  dam,  may  be  possible,  as  in  the 
Laxapana- Aberdeen  project  in  Ceylon.  The  advantage  of  such  a 
site  is  that  each  component  can  be  developed  separately  to  its  full 
capacity,  if  foresight  is  exercised,  without  waste  of  capital  on  un¬ 
productive  works.  When  the  power  from  flow  has  all  been  taken, 
up  the  storages  can  be  developed  in  turn.  In  any  such  case 
of  duplicate  or  multiple  sources  the  open  channels  from  the 
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head-works  to  the  forebay  can  be  carried  either  round  or  through 
intervening  spurs,  according  to  the  ground. 

In  contradistinction  to  this  development  of  streams  in  parallel, 
there  are  many  instances  of  power  stations  in  series  on  a  single 
source.  Of  these  the  best  known  is  perhaps  the  combination  of 
the  Yermork  and  Saakem  power  houses  at  Notodden  in  Norway. 
The  former  station  utilised  part  of  the  head — some  920  ft. — of 
the  great  waterfall  for  the  development  of  165  000  H.P.  for  the 
manufacture  of  nitrates ;  and  the  waters  were  tailed  down  to  the 
river  below  with  a  considerable  sacrifice  of  the  total  head  of. 
600  m.  When  the  war  broke  out  it  was  decided  to  use  the  tail 
waters  in  a  second  station.  A  tunnel  4  mis.  long  was  therefore 
excavated  along  the  mountain  side,  which  was  too  precipitous  to 
carry  a  surface  channel ;  this  tunnel  took  the  tail  waters  from 
Yermork  to  a  forebay,  also  excavated  in  the  solid  rock,  and 
thence  three  tunnels  at  a  very  steep  angle  carry  three  pipes  each 
down  to  the  second  power  house,  which  alone  of  all  the  works 
is  on  the  surface. 

244.  Storage  Lakes. — Wherever  a  large  volume  of  water  is 
stored  for  power  purposes  it  has  a  definite  value  in  H.P.-hrs,  or 
years,  depending  on  the  head  .(§  202).  By  means  of  the  mass 
curve  (§  209)  and  the  draft  curve,  the  conditions  can  at  any  time 
be  seen.  A  complete  contoured  plan  is  made  of  all  storage  lakes, 
showing  the  capacity  (in  water  or  in  H.P.-hrs.)  at  all  levels 
ove  the  offtake.  If  the  locality  is  one  liable  to  severe  droughts 
to  partial  failure  of  the  monsoon  it  may  be  necessary  to  carry 
er  a  large  volume  of  water  for  such  emergencies  ;  to  calculate 
me  amount  so  required  involves  a  knowledge  of  the  hydrography 
of  the  catchment  over  a  long  period,  preferably  20-30  years, 
as  well  as  of  the  average  annual  loss  by  absorption  and  evapora¬ 
tion.  These  last  may  in  hot  dry  climates  amount  to  from 
3-10  ft.  per  annum.  The  carry-over  storage  involves  heavy  addi¬ 
tional  capital  expenditure  and  therefore  merits  most  careful  in¬ 
vestigation. 

In  many  cases  dams  are  so  arranged  that  when  necessary  the 
water  level  can  be  raised  by  means  of  temporary  flash-boards  or 
permanent  collapsing  gates ;  in  this  wray  a  large  extra  volume  can 
be  impounded  at  the  end  of  heavy  rainfall,  or  before  the  close  of 
the  rainy  season.  With  low  dams  the  excess  water  can  safely  be 
surplussed  over  the  crest,  which  acts  as  a  spillway,  and  gates  can 
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be  arranged  so  as  to  collapse  automatically  when  topped ;  a  similar 
arrangement  is  also  often  used  in  river  head-works  below  the  entry 
of  a  canal.  Overhead  arrangements  can  then  be  made  for  raising 
the  gates  afresh  as  the  flood  subsides. 

Another  useful  arrangement  is  the  automatic  floating  weir, 
ihis  consists  of  a  long  hollow  cylinder  carried  on  an  axle  with  a 
toothed  wheel  at  each  end ;  the  wheels  engage  with  teeth  on  a 
sloping  ramp,  so  that  as  the  cylinder  rises  or  falls  with  the  water 
level  it  moves  up  or  down  the  ramp.  When  at  the  lowest  posi¬ 
tion  a  projection  along  the  cylinder,  parallel  to  the  axis,  closes  the 
water-way  entirely ;  the  first  rise  therefore  lets  more  water  under¬ 
neath  than  a  similar  rise  later  on.  By  means  of  valves,  water 
can  be  let  into  or  out  of  the  cylinder,  so  as  to  alter  its  buoyancy 
as  required  for  regulation.  If  sufficient  excess  water  comes  down 
the  floods  top  the  cylinder  as  well  as  flowing  under  it. 

With  high  dams  the  surplus  water  may  be  discharged  by  under 
sluices  but  cannot  be  allowed  to  top  the  crest ;  more  ordinarily 
a  separate  escape  is  made  on  a  flank  or  saddle,  either  over  natural 
rock  cut  .down  to  the  required  level  or  over  a  masonry  weir. 

245.  The  Forebay. — Even  when  the  pipes  lead  off  directly 
from  a  reservoir,  a  section  of  the  latter  is  generally  isolated  to  act 
as  a  forebay  for  protection  and  control  of  the  pipe  inlets ;  where 
an  open  channel  is  used  the  forebay  also  acts  as  a  small  balancing 
tank  to  meet  minor  fluctuations  of  load.  The  capacity  should  then 
be  sufficient,  if  possible,  to  carry  the  plant  over  the  period  required 
for  water  to  arrive  along  the  channel.  Thus  a  plant  mainly 
supplying  factories  may  rise  from  a  negligible  load  up  to  full  load 
in  the  course  of  a  few  minutes,  and  may  lose  its  whole  load  equally 
suddenly,  at  the  customary  hours  of  opening  or  closing.  It 
requires  nice  calculation  to  open  the  full  supply  into  the  open 
channel  at  exactly  the  right  time  so  that,  after  traversing  the 
channel  for  half  an  hour  or  more,  it  arrives  just  when  it  is  wanted. 
But,  while  late  arrival  means  closing  down  the  plant,  early  arrival 
means  surplussing  the  whole  flow  of  the  channel  unless  the  fore¬ 
bay  can  carry  it.*  Often  the  ground  is  steep  at  the  forebay,  and 
the  requisite  capacity  is  unobtainable ;  but  the  value  of  sufficient 
storage  is  great.  Occasionally  the  forebay  can  be  carried  along 

*  For  example,  a  plant  with  a  normal  load  of  30  000  kW  on  a  head  of  1  800  ft. 
requires  30  000  x  15  /  1  800  or  250  cusecs,  equivalent  to  450  000  cu.  ft.  for  half  an 
hour. 
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the  contour  in  the  form  of  a  greatly  enlarged  channel,  but  this  is 
more  expensive  to  build  than  a  more  nearly  circular  pond.  The 
spill-way  may  he  either  at  the  forebay  itself  or  at  the  most  con¬ 
venient  natural  outlet  farther  up  the  channel,  so  long  as  the  levels 
allow  this.  Each  pipe  should  have  its  own  intake  chamber  and 
screens,  shut  off  from  the  forebay  by  gates.  Generally  automatic 
arrangements  are  made  by  which  the  gates  can  be  tripped  and 
closed  off  from  the  power  station  in  case  a  break  occurs  in  the 
pipe  line.  If  automatic  valves  are  used  on  the  pipes  themselves 
an  air  inlet  is  used  in  combination,  so  that  the  upper  and  slighter 
pipes  will  not  collapse  under  the  vacuum  formed. 

246.  Pipes  for  High-fall  Turbines. — Hitherto  it  has  been 
assumed  that  the  water  has  been  brought  along  to  a  point  above 
the  power  house,  with  or  without  a  storage  reservoir  at  some 
point  on  the  route.  From  the  forebay  at  the  end  of  the  flume  or 
from  the  reservoir,  as  the  case  may  be,  pressure  pipes  lead  down 
to  the  turbines.  Various  arrangements  will  be  found  in  different 
schemes ;  sometimes  a  single  pipe  is  used,  capable  of  carrying  the 
full  supply,  branches  being  taken  off'  a  receiver  to  the  individual 
machines  at  the  turbine  house;  preferably  each  turbine  and 
generator  is  a  self-contained  set  with  its  own  pipe ;  or  again, 
several  pipes  may  be  put  in  and  interconnected  by  T  or  Y  pieces 
with  valves  at  the  power  house.  Again,  the  pipe  may  be  of  the 
same  internal  diameter  all  the  way  or  may  be  graduated,  the 
lower  sections  being  of  smaller  and  the  upper  of  larger  size  than 
the  average  required ;  with  high  heads  this  latter  method  enables 
pipes  of  less  thickness  to  be  employed  where  the  pressure  is 
greatest.  The  static  pressure  on  the  pipes  is  that  corresponding 
to  a  column  of  water  of  the  same  vertical  height,  whether  the 
actual  pipe  line  be  long  or  short.  It  is  62’4  lbs.  per  sq.  ft.,  or 
0*  433  lb.  per  sq.  in.,  per  ft.  of  head  :  therefore  for  2  000  ft.  head, 
which  is  by  no  means  the  highest  in  use,  the  pressure  will  be  866 
lbs.  per  sq.  in.  The  pressure  is,  of  course,  reduced  when  water  is 
flowing,  on  the  other  hand,  it  may  increase  greatly  if  the  flow  is 
suddenly  stopped  (§§  248,  251).  A  detailed  mathematical  investi¬ 
gation  of  the  forces  in  high  pressure  pipe  lines  and  their  supports 
is  given  by  A  Hruschka,  Elek  u.  Maschinenbau ,  Vol.  40,  pp. 
533,  546  ;  Sc .  Abstr.,  305  B,  1923. 

247.  Size  of  Pipes  ;  Velocity ;  Loss  of  Head.— When  calcula¬ 
ting  the  size  of  pipes,  it  is  well  to  remember  that  they  will  not 
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remain  clean  indefinitely ;  and  the  loss  of  head  increases  greatly 
as  the  pipes  become  encrusted.  This  loss  varies  as  the  square  of 
the  velocity,  and,  as  it  is  important  to  keep  the  net  head  fairly 
constant,  low  velocities  only  are  permissible.  About  3-4  ft.  per 
sec.  may  be  taken  as  an  average ;  7  ft.  per  sec.  should  be  the 
maximum  velocity  in  the  smallest  section  of  a  graduated  pipe. 
The  loss  of  head,  JET,  may  be  calculated  from  the  following  formula  : 
H  =  vl  x  4ra  x  Ij  I  2g  x  D, 

where  v  —  velocity  in  ft.  per  sec. 

m  =  coefficient  of  friction  ( see  Table  36). 

L  =  length  of  pipe  in  ft. 

g  =  acceleration  of  gravity  ;  32*2  ft.  per  sec.2  at  sea-level. 

D  =  diameter  of  pipe,  in  ft. 

From  Table  36  the  value  of  the  coefficient  m  can  be  found  by 
interpolation  on  the  slide  rule  near  enough  for  all  practical 
purposes,  for  such,  sizes  of  pipes  as  will  generally  be  required. 

In  a  particular  case  the  diameter  of  a  turbine  pipe  was  reduced 
by  nearly  3  ins.  in  a  graduated  line  of  16  ins.,  14  ins.,  and  12  ins. 
pipe.  An  incrustation  or  4  furring  up  ?  almost  invariably  occurs 
to  a  greater  or  less  extent ;  it  is  as  well  to  provide  for  it  not  only 
by  allowing  extra  diameter,  but  also  with  a  view  to  removing 
the  scale  after  it  has  formed.  This  can  be  done  by  means  of  a 
turbine-type  tube  cleaner,  which  is  inserted  at  the  top  and  then 
driven  down  the  pipe  by  admitting  a  limited  amount  of  water 
behind  it.  Such  a  device,  however,  is  unable  to  negotiate  sharp 
bends  (of  which  there  should  in  any  case  be  none),  and  must  be 
adjusted  where  the  pip©  section  alters.  It  is  therefore  advisable 
to  provide  a  chamber  of  larger  diameter  than  the  pipe  at  all  such 


Table  36. — Values  of  m  for  Flow  in  Pipes, 


Diam.  of  Pipe,  Ins. 

Clean  Pipes. 

in  = 

i 

Slightly  Tuberculated  j 
Pipes. 
m  = 

Foul  Pipes. 

171  = 

6 

0*  006  7 

i 

0-  007  7 

0*  011  0 

10 

0-  005  8 

0*  007  1 

0*  008  7 

14 

0*005  5 

0*  006  6 

0*007  9 

18 

0*  005  2 

0*  006  2 

0*  007  3 

24: 

0*004  8 

0*  005  7 

0*006  6 

30 

0*  004  5 

0*005  3 

0*006  0 

36 

0*004  2 

0*004  9 

0*005  5 

i 
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points,  with  an  isolating  valve  immediately  beyond  it,  and  a  scour 
pipe  and  valve  above  this  main  valve.  Here  the  water  and  the 
scale  will  be  discharged,  and  the  cleaner  adjusted  for  the  next 
section.  In  the  absence  of  the  isolating  valve  there  is  a  danger 
of  choking  the  lower  sections  and  the  turbine  nozzles. 

Tables  giving  the  loss  of  head  at  various  velocities,  for  differ¬ 
ent  sized  pipes,  will  be  found  in  catalogues  of  turbines ;  they  are 
generally  calculated  on  clean  pipes,  so  an  extra  allowance  of  30 
or  40  °/e  will  be  on  the  safe  side.  For  small  pipes,  see  Chapter  30. 

248.  Thickness  and  Weight  of  Pipes. — Turbine  pipes  for 
.  high  falls  are  made  of  steel.  For  exceedingly  high  pressures  they 
are  made  direct  from  the  ingot,  weldless  and  perfectly  homo¬ 
geneous  ;  ordinarily  either  welded  pipes,  for  moderately  high 
heads,  or  (for  medium  heads)  double-riveted  or  single-riveted  pipes 
are  employed.  The  thickness  of  metal  (subject  to  a  minimum 
value  of  about  in.,  to  allow  for  possible  corrosion  or  damage 
from  falling  stones)  may  be  calculated  from  the  formula  t  =  pr  /  / 
where  t  is  the  thickness,  in  inches ;  p  the  static  pressure,  in  lbs. 
per  sq.  in.  ;  r  the  internal  radius  of  pipe,  in  inches  ;  and  /  the 
working  stress  in  lbs.  per  sq.  in.  Of  these  factors,  p  is  known 
from  the  head  (p  =  0*  433  h),  and  r  is  found  from  the  quantity 
of  water  flowing  at  the  determined  velocity 

[r  —  cusecs  x  45*8  J  v),  where  v  —  velocity  in  ft.  per  sec.] 

As  regards  /,  the  ultimate  strength  of  steel  may  be  taken  as 
about  25-30  tons,  per  sq.  in.  and  the  working  stress,  /,  about 
9  800  lbs.  for  riveted  pipes  up  to  14  000  lbs.  for  welded  pipes. 
The  figures  have  been  arrived  at  by  taking  the  inefficiency  of 
riveted  joints  as  0*7  (it  should  be  as  high  as  0*9)  and  the  factor 
of  safety  as  4 ;  in  that  case 

/  =  25  x  2  240  x  0*7  /  4  =  9  800 lbs. 

or,  omitting  the  rivet  factor,  14  000  lbs. 

If  the  design  is  such  that  the  flow  in  the  pipe  cannot  be  stopped 
suddenly  (as  with  deflecting  nozzles),  it  is  not  necessary  to  allow 
for  shock  due  to  water  hammer  ;  but  if  the  flow  can  be  stopped 
suddenly,  this  factor  must  be  taken  into  account,  as  p  in  the 
formula  is  the  static  pressure.  The  maximum  possible  additional 
pressure  in  lbs.  per  sq.  in.,  due  to  stopping  the  flow  instantaneously, 
is  63i  times  the  velocity  in  ft.  per  sec. ;  in  practice,  it  is  fairly 
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safe  to  assume  that  not  more  than  double  the  static  pressure  will 
be  experienced.  In  such  a  case  the  factor  of  safety  assumed  above 
is  halved,  and  becomes  somewhat  fine;  a  lower  working  stress 
should  therefore  be  taken. 

The  weight  of  plain  steel  tubes,  in  lbs.  per  ft.  run,  may  be 
taken  as  9'4<5t(d  +  t),  where  t  is  the  thickness  of  the  metal  and 
d  the  internal  diameter,  both  in  inches.  For  riveted  pipes  the 
weight  so  found  should  be  multiplied  by  1^  in  small  sizes;  by 
1*4  for  a  20-in.  pipe ;  1*25  for  a  40-in.  pipe ;  and  1T5  over  60  ins. 
diameter. 

249.  Example  of  Pipe  Line. 

By  way  of  example,  the  following  case  may  be  taken.  A  pipe  line  was  re¬ 
quired  to  serve  a  600  kW  turbine-driven  generator  on  1  025  ft.  head.  The  turbine, 
at  normal  full  load  on  the  generator,  would  have  to  give  840  and  with  an 

efficiency  of  75  0/o  this  involved  1  120  H.P.  from  the  water,  requiring  580  cu.  ft. 
per  min.,  or  9*65  cusecs.  With  an  average  velocity  of  4  ft.  per  sec.  the  average 
area  of  the  pipe  would  be  9*65  /  4  =  2*41  sq.  ft.,  corresponding  to  21  ins.  diam.  In 
this  instance,  owing  to  the  high  bead  and  considerable  quantity  of  water,  it  was 
desirable  to  sectionalise  the  pipes  ;  and  tfye  nature  of  the  ground  divided  the  whole 
conveniently  into  four  parts,  viz.  : — 

Section  (i)  Reservoir  to  pipe = head  proper,  laid  on  hydraulic  gradient  only — 
Length  650  ft.  Head  negligible.  (Stand-pipe  at  the  junction, 
see  §  251.) 

Section  (ii)  Length  1  140  ft.  Head  420  ft. 

Section  (iii)  Length  980  ft.  Adding  head  60  ft. ;  total  480  ft. 

Section  (iv)  Length  1  150  ft.  Adding  head  545  ft. ;  total  1  025  ft. 

Total  length  3  920  ft.  Total  head,  1  025  ft. 

The  pipe  line  decided  on  was  as  follows  : — 


Diameter. 

Ins. 

Area. 

Sq.  Ft 

Velocity. 

Ft.  per  Sec. 

Section  (i) 

24 

3*14 

3'14 

„  (ii)  .... 

24 

3 '14 

3*14 

„  (iii)  .... 

21 

2-40 

4*1 

„  (iv)  .... 

18 

1*76 

56 

Taking  section  (ii),  the  loss  of  head  at  full  load,  when  the  pipes  become  slightly 
foul,  will  be — 

H  =  3*142  x  4  x  0*  005  7  x  1  140  /  2  x  32*2  x  2  ft.  =  1*98  ft. 

Similarly,  the  losses  in  the  other  sections  will  be  (i)  1*14  ft.,  (iii)  3*5  ft.,  (iv)  9*4  ft. 
making  a  total  loss  of  16  ft.  To  this  another  4  ft.  was  added  to  allow  for  bends 
and  the  obstruction  due  to  rivets,  making  the  total  loss  20  ft. 

Now  these  calculations  relate  to  the  normal  full  load  of  the  generators,  at 
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which  they  are  able  to  work  continuously,  but  all  generators  are  designed  to  be 
capable  of  overload  to  the  extent  of  at  least  25  °/D  for  limited  periods  ;  therefore  the 
turbines  would  have  to  be  capable  of  giving  1  050  B.H.P.  at  such  times.  The 
velocities  and  losses  with  the  increased  quantity  of  water  were  therefore  similarly 
worked  out  to  see  that  they  would  not  be  excessive.  It  will  be  seen  that  in  these 
circumstances  the  maximum  velocity  in  the  smallest  pipe  is  7  ft.  per  sec. ;  the 
total  losses  also  are  reasonable,  amounting  to  about  3  °/0  of  the  total  head.  Sec¬ 
tion  (i),  being  under  practically  no  pressure,  was  specified  for  mechanical  reasons 
as  l-  in.  thick.  In  section  (ii)  the  head  is  420  ft.,  and  the  maximum  static  pressure 
180  lbs.  Therefore  the  thickness  of  metal  (§  248)  will  be  t  =  180  x  12/9  800  = 
0*22  ins.  or  in.  In  section  (iii)  the  total  head  is  480  ft. ;  static  pressure,  208 
lbs. ;  t  =  0*22  ins.  again,  the  diameter  being  reduced.  Section  (iv)  was  divided 
into  two  equal  lengths  of  575  ft.  of  18-in.  pipe.  The  pressure  in  the  upper  half 
works  out  to  326  lbs.  per  sq.  in.  giving  t  =  0*3  in.,  while  in  the  lower  half  it  comes 
to  444  lbs.,  giving  t  =  0-41  in. 

250.  Special  Pipes,  etc. — In  order  to  determine  what  pipes 
are  required,  the  proposed  pipe  line  must  be  surveyed  very  care¬ 
fully,  the  exact  lie  and  angle  of  all  bends  being  determined.  A 
small  error  may  add  greatly  to  the  difficulties  of  erection.  Where 
the  diameter  alters,  special  tapered  pipes  are  fitted.  At  con¬ 
venient  points  thrust-blocks  are  required,  the  pipes  being  securely 
anchored  to  concrete  blocks  at  these  places.  Expansion  pipes 
may  be  necessary,  but  if  the  line  departs  from  the  straight  to  any 
considerable  extent  expansion  can  generally  take  place  laterally ; 
covering  the  pipes  in  and  keeping  them  full  of  water  reduces  the 
expansion  almost  to  zero.  Bell-mouth  pieces  and  valves  are  re¬ 
quired  at  the  reservoir  or  forebay,  and  both  main  and  scour 
valves  at  the  lower  end.  If  a  receiver  is  employed,  or  if  pipes 
are  connected  by  a  Y-piece,  isolating  valves  are  employed.  Specials 
may  be  either  of  cast  steel  or,  preferably,  built  up  of  riveted 
plates.  On  very  high  heads  air-cushions  are  sometimes  fitted  at 
intervals  on  the  line,  to  reduce  the  shock  when  the  velocity 
changes ;  by  fitting  two  vessels  side  by  side,  with  suitable  cocks, 
the  water  pressure  can  be  used  to  force  air  into  the  cushion 
chamber,  or  this  may  be  done  with  a  pump.  In  America  the 
upper  sections  of  long  pipe  lines,  where  the  pressure  is  com¬ 
paratively  small,  are  often  made  of  wood-stave  construction,  built 
up  on  the  site  to  save  freight ;  but  this  method  has  not  found 
much  favour  elsewhere,  and  is  useless  where  white  ants  are 
found. 

251.  Pipes  as  an  Alternative  to. Open  Channels;  Surge 
Towers. — It  sometimes  happens  that  for  one  reason  or  another 
an  open  channel  will  not  prove  satisfactory  for  bringing  the  water 
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to  the  pipe  head,  or  will  prove  more  expensive  than  piping  for 
the  whole  distance.  If  the  use  of  piping  involves  a  considerable 
initial  length,  almost  horizontal,  some  new  considerations  come 
in.  The  first  section  of  the  pipe  in  the  example  (§  249)  is  a  case 
in  point.  Although  650  ft.  long,  it  was  sloping  only  on  the 
hydraulic  gradient^  and  the  normal  pressure  on  it  was  negligible. 
If,  however,  the  pipe  had  been  entirely  continuous  with  the  lower 
sections,  there  would  have  been  possible  danger  from  water 
hammer.  In  order  to  obviate  this,  and  to  compensate  for  sudden 
changes  in  the  velocity,  a  vertical  stand  pipe,  open  at  the  top, 
was  placed  at  the  junction  of  the  first  and  second  sections  ;  it  was 
carried  to  the  level  of  the  top  of  the  reservoir,  a  matter  of  some 
30  ft.,  and  was  made  of  larger  diameter  than  the  pressure  pipe. 
As  explained  in  §  232,  in  the  case  of  a  sudden  demand,  the 
volume  of  water  stored  in  the  stand  pipe  would  give  the  main 
horizontal  column  of  water  the  chance  to  come  up  to  speed ;  in 
the  case  of  a  sudden  stoppage,  the  stored  energy  of  the  moving 
column  could  force  water  out  of  the  open  top  of  the  stand  pipe 
and  thus  reduce  the  shock.  Surge  towers  have  been  used  up  to 
200  ft.  in  height,  carried  on  a  tower  with  a  small  balancing  tank 
on  the  top.  For  similar  reasons  surge  pipes  are  often  erected  at 
the  foot  of  descending  pipe  lines,  on  the  line  side  of  the  foot  valve. 
Should  the  latter  be  closed  quickly  in  emergency  or  due  to  sudden 
reduction  in  turbine  load,  the  momentum  of  the  quickly  moving 
water  in  the  descending  pipe  is  expended  in  forcing  water  up  the 
surge  pipe.  Without  such  a  safety  device,  the  valve  and  pipe 
would  be  severely  strained  or  broken.  Open  surge-towers  are 
obviously  impracticable  at  the  foot  of  very  deep  descents,  but 
closed  ones,  with  a  considerable  volume  of  enclosed  air  under 
pressure,  are  often  used  ( Proc .  Amer.  Soc.  C.JE .,  August,  1917). 
Automatic  relief  valves  are  another  alternative. 

252.  Pipe  Joints. — Much  ingenuity  has  been  exercised  in 
designing  suitable  joints  for  pipes  under  a  high  head  of  water.  In 
the  past,  plain  slip-joints  and  collar-and-sleeve  lead  joints  have 
been  used  for  moderate  heads;  these,  however,  are  not  satis¬ 
factory  except  for  low  heads.  A  plain  flanged  joint,  with  a 
rubber  or  copper  ring  between  the  faces,  makes  a  satisfactory 
joint  for  heads  up  to  500  ft.  or  so ;  such  joints  have  been  used  on 
much  higher  pressures.  The  flanges,  which  are  riveted  on  to  the 
pipes,  should  be  pressed  out  of  a  steel  plate  by  a  die ;  cast-iron 
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flanges  are  unreliable  where  subject  to  shocks.  Various  patent 
flange  joints  are  also  on  the  market,  some  of  them  suitable  for  very 
high  pressures.  Riveting  the  lengths  of  pipes  together  on  the  site 
is  occasionally  resorted  to,  but  it  involves  high-class  labour,  and 
is  only  suitable  for  straight  runs  of  large  diameter.  The  best 
modern  joints,  such  as  the  ‘  muff’  joint,  depend  on  a  wedge  action 
for  keeping  tight,  and  these  have  the  advantage  also  of  being  to 
some  extent  self-adjusting,  both  as  to  direction  and  expansion  or 
contraction.  Most  turbine  makers  appear  to  agree  that  this  is 
the  most  satisfactory  high-pressure  joint. 

25 3.  Pelton  Wheels  and  Nozzles. — In  one  form  or  another 
the  Pelton  wheel  is  almost  invariably  used  for  the  development 
of  power  from  high  heads,  and  no  description  of  this  well-known 
impulse  wheel  is  necessary.  The  peripheral  speed  of  such  a 
wheel  in  ft.  per  sec.  is  about  0*45x/(2^JBr) ;  thus  on  1  000  ft.  head 
it  will  be  114  ft.  per  sec.,  and  the  revolutions  per  minute  can  be 
varied  according  to  the  diameter  chosen  for  the  wheel.  The 
diameter  of  the  water  jet  nozzle  should  not  be  more  than  one- 
fifteenth  that  of  the  wheel  to  get  the  highest  efficiency  ;  if  a  greater 
volume  of  water  is  required,  more  than  one  jet  is  used  Assuming 
that  in  any  particular  case  the  working  head,  H,  and  the  required 
B.H.P.  of  the  turbine  are  known,  and  consequently  the  quantity 
of  water  also,  the  size  of  the  nozzle  may  be  determined  by  the 
formula — 

d  =  ^(1*2  8Q/v), 

where  d  =  diam.  of  nozzle,  in  inches. 

Q  =  discharge  at  the  nozzle,  in  cusecs. 

v  =  velocity  of  issuing  jet  (§  214  =  0,97x/(2 gH)). 

If  two  or  four  nozzles  have  to  be  used,  the  discharge,  Qt  will  be 
halved  or  quartered  in  working  out  their  diameter. 

Thus  if  a  340  B.H.P.  turbine  is  required  to  work  on  1  000  ft.  net  head,  the 
quantity  of  water  required,  Q,  will  be  4  cusecs,  assuming  75  °/0  efficiency  (§  201). 

The  constant  v  =  0*97*7(64  x  1  000)  —  245, 

hence  d  =  *7(1*28  x  4  /  245)  =  *70*  021  =  0*  145  ft.  or  1*73  in. 

Now  the  peripheral  speed  of  the  wheel  is  0*45v,  or  110  ft.  per  sec.  If  the  diameter 
of  the  wheel  is  15  times  that  of  the  jet,  or  2*16  ft.,  the  speed  will  be 

n  =  0*45u  x  60  /  7t  x  D  =110  x  60  /  3*14  x  2*16  =  970  r.p.m. 

Each  wheel  must  be  capable  of  being  isolated  from  its  supply 
pipe  by  a  valve,  apart  from  the  regulating  mechanism,  and  the 
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View  on  the  Generator  Floor  op  the  Raanaasfoss  Power  House. 

Six  horizontal  double  Francis  type  runners  are  placed  in  an  open  pit  and  coupled 
to  six  generators,  each  of  12  000  kVA,  7  500  V,  3-phase,  50  cycles,  107  r.p.nn, 
enclosed  type,  self-ventilated,  with  direct  coupled  exciters.  Energy  is  transmitted  to 
the  substations  at  50  000  V  and  17  000  V. 


[To  face  p.  352. 
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Interior  op  the  Tyssepaldene  High-Fall  Power  House. 

Seven  4  100  kVA,  five  12  000  kVA,  and  two  14  000  kVA  generators  are  driven  by 
Pelton  wheels.  The  12  000  kVA  sets  in  the  foreground  run  at  250  r.p.m.  and 
generate  current  at  12  500  V,  3-phase,  25  cycles.  The  outside  diameter  of  the 
machines  is  19J  ft.  and  the  stator  bore  12J  ft.  Cooling  air  is  led  into  the  machines 
through  shafts  in  the  basement,  and  is  exhausted  into  a  duct  leading  to  the  fjord. 
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dosing  of  the  ordinary  type  of  balanced  gate  valve  requires  con- 
hi<  eia  i  o  power  where  the  head  is  great ;  slow  closing,  however, 
is  n«  unshiv,  to  prevent  water  hammer.  Where  more  rapid 
closing  is  admissible  the  Johnson  balanced  cylindrical  valve  is 
consists  of  a  spear  attached  to  a  plunger, 
working  in  a  cylinder  concentrically  placed  in  the  pipe,  which 
normally  allows  a  full  annular  water-way;  but  when  forced  for¬ 
ward  the  H] tear  closes  the  outlet  passage.  The  plunger  is  actuated 
differentially,  by  admitting  or  discharging  water  under  the  normal 
pipe,  pressure  or  atmospheric  pressure,  as  the  case  may  be,  by 
means  of  an  external  cock. 

254.  Speed  of  Wheels  for  Driving  Alternators. — By  in¬ 
creasing  the  wheel  diameter  the  speed  can  be  reduced;  the  actual 
speed  (and  consequent  size  of  wheel)  is  generally  determined  by 
that  of  the  generator  to  be  driven,  unless  the  drive  is  indirect,  as 
with  belts.  In  most  cases  a  turbine  is  required  for  driving  an 
alternator;  assuming  that  the  British  standard  frequency  of  50 
cycles  per  see.  (§  12)  is  used,  i.e.  3  000  cycles  per  min.,  the 
r.p.m.  (3  (MX)  /  No.  of  pairs  of  poles).  This  gives  speeds  of 
250,  3(>0f  333,  375,  428,  500,  600,  750,  and  1  000  r.p.m.,  corre- 
Njxmding  to  various  numbers  of  pairs  of  poles,  and  the  turbine 
must  be  of  such  size  as  to  run  at  one  or  other  of  these  speeds. 

255.  Regulation  of  Impulse  Wheels. — The  power  given 
out  by  a  wheel  at  its  correct  speed  may  be  diminished  either — 

(a)  by  diverting  the  whole  jet  from  its  true  point  of  impact 

on  the  buckets,  or 

(b)  by  deflecting  part  of  the  jet  off  the  buckets  altogether,  or 
(r)  by  reducing  the  size  of  the  jet. 

Where  a  diverting  nozzle  is  used  the  reducing  pipe  and  nozzle  are 
hinged,  ho  that  the  whole  can  be  moved  up  or  down  either  by  a 
hand-wheel  or  an  automatic  governor.  The  full  discharge  goes 
on,  whether  the  power  generated  be  great  or  small,  so  it  is  only 
where  a  large  excess  of  water  is  available  that  the  method  should 
Im  used.  The  same  result  is  obtained  by  using  a  deflector,  which 
moves  concentrically  with  the  wheel  and  cuts  into  the  jet  from 
above ;  this  method  is  equally  rapid  in  action,  but  is  only  em¬ 
ployee!  in  combination  with  the  needle  valve  presently  described. 
By  reducing  the  size  of  the  jet  the  efficiency  can  be  kept  sensibly 
constant  at  ordinary  loads,  and  the  most  can  be  made  o£  a  small 
quantity  of  water.  If  a  wheel  is  put  in  which  it  is  known  will 
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not  be  working  at  above  half  its  full  load  for  the  first  year  or  so, 
then  a  nozzle  can  be  temporarily  fitted  to  give  this  half  load ; 
later  on  it  can  be  changed  for  a  full-sized  nozzle.  This  is  often 
done,  but  it  leaves  the  question  of  regulation  down  to  no  load  (i.c. 
light  running)  untouched. 

In  order  to  keep  an  impulse  turbine  wheel  running  at  con¬ 
stant  speed  under  varying  loads,  it  is  customary  to  use  a  circular 
nozzle  with  a  tapered  spear  or  needle  centred  in  it ;  by  advancing 
or  retracting  the  needle,  it  reduces  the  area  of  the  jet  without 
breaking  it  up,  and  so  regulates  the  power.  The  adjustment  of 
the  needle  can  be  effected  by  hand ;  if  the  governor  acts  either  by 
deflecting  part  of  the  jet  or  by  diverting  the  nozzle,  the  attendant 
can  then  manipulate  the  needle  valve,  and  thus  save  water,  and, 
as  the  effective  area  of  the  nozzle  is  decreased  by  the  spear,  the 
governor  will  bring  back  the  jet  to  its  normal  action.  Of  course, 
if  a  sudden  heavy  demand  for  additional  power  arises,  it  cannot 
be  met  until  the  needle  has  been  opened  up,  and  this  is  not  a  very 
rapid  process.  The  best  possible  arrangement  is  an  automatic 
combination  of  needle  and  deflector  or  diverter,  the  whole  worked 
by  the  governor ;  rapid  alterations  in  the  power  demand  are  met 
by  the  deflector  or  diverter,  and  the  needle  then  more  slowly  ad¬ 
justs  its  position  to  give  the  maximum  efficiency  under  the  new 
conditions.  An  ingenious  method  of  effecting  this  is  described  in 
Engineering  Record  f  August  16,  1913. 

The  methods  already  described  keep  the  jet  cylindrical  but 
either  reduce  its  size  or  deflect  it  from  the  buckets.  In  the 
Seewer  system  of  automatic  governing  for  high-pressure  Pelton 
wheels,  which  also  embraces  the  two  elements  of  speed  regulation 
and  pressure  regulation  in  the  pipe  system,  the  jet  is  made  to 
diverge  instantaneously  in  the  form  of  a  cone,  more  or  less 
according  to  the  reduction  in  power  required ;  while  the  usual 
concentric  needle  is  used,  in  conjunction  with  the  system,  for  the 
more  gradual  closing  down  of  the  jet  to  a  reduced  diameter  and  a 
return  to  cylindrical  form.  The  needle  is  cylindrical  up  to  a  short 
distance  from  its  point  and  flat  diverter  plates  are  mounted  be¬ 
tween  the  needle  guide  and  the  nozzle.  Normally,  these  plates 
act  as  meridional  guides  and  preserve  the  cylindrical  form  of  the 
jet;  but  by  inclining  them  simultaneously  through  the  same  angle 
a  rotating  component  is  introduced  into  the  water  flow  and  the  jet 
diverges.  The  maximum  divergence  is  about  60°  when  the  plates 
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are  turned  through  22°.  Part  of  the  jet  then  misses  the  buckets, 
while  part  strikes  the  back  of  them  ;  the  needle  meanwhile  closes 
and  the  plates  return  to  their  normal  position.  On  load  increases 
the  needle  alone  acts.  The  diverter  plates  are  pivoted  on  spindles 
carried  into  the  centre  of  the  hollow  needle  and  are  thence  con¬ 
nected  to  the  servo-motor  actuated  by  the  governor.  The  power 
required  from  the  servo-motor  is  much  less  than  with  other  types 
of  governing  and  also  varies  less  with  the  size  of  the  wheel  as, 
instead  of  acting  at  the  point  of  maximum  jet  velocity,  the  vanes 
are  working  in  the  comparatively  low  velocity  of  the  admission 
pipe  round  the  needle. 

256.  Turbine  Governors. — Many  types  of  governors  are 
made  for  regulating  turbines  and  impulse  wheels.  They  range 
from  simple  mechanical  governors,  with  indifferent  regulation,  up 
to  the  most  exact  hydraulic  governors  for  use  in  hydro-electric 
plants.  To  actuate  a  hydraulic  valve  requires  far  more  power 
than  the  corresponding  process  with  a  steam  engine  governor; 
and  this  is  true  also  with  a  spear  or  deflecting  nozzle  or  a  com¬ 
bination  of  the  two.  Consequently  a  hydraulic  relay  is  generally 
employed ;  the  centrifugal  governor  actuates  a  light  relay,  which 
in  turn  operates  on  the  valves  of  a  powerful  hydraulic  cylinder, 
the  movements  of  which  work  the  regulating  gear.  Generally 
oil  under  pressure  is  used  in  the  cylinders,  involving  the  use  of  a 
subsidiary  oil  pump;  this  obviates  all  danger  from  dirt  and  grit. 
In  other  cases  either  the  whole  or  a  part  of  the  working  head  of 
water  is  utilised,  in  which  case  a  subsidiary  governor  pipe  is 
preferably  employed ;  the  quantity  of  water  used  is  of  course  very 
small,  but  it  must  be  entirely  free  from  foreign  matter,  and  two 
parallel  filters  must  be  used  to  enable  each  to  be  cleaned  in  turn. 
Notwithstanding  the  makers’  claims,  the  governor  is  generally 
the  most  troublesome  part  of  a  turbine  plant  and  the  most  diffi¬ 
cult  to  keep  in  accurate  adjustment;  a  large  plant  has  on  oc¬ 
casion  been  completely  wrecked  through  a  governor  sticking ;  it 
is,  therefore,  economical  in  the  end  to  buy  the  best  that  can  be 
obtained.  It  is  usual  to  specify  the  foot-lbs.  (from  2  000  to 
100  000)  which  the  cylinder  can  deal  with.  In  the  best  governors 
about  |  sec.  elapses  between  the  occurrence  of  a  change  of  load 
and  the  commencement  of  the  movement  of  the  turbine  gate  or 
spear;  the  time  taken  to  close  the  fully  open  gate,  etc.,  when  the 
whole  load  is  thrown  off,  varies  from  2  secs,  upwards.  These 
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intervals  are  sufficient  to  enable  the  speed  to  vary  somewhat, 
although  the  provision  of  a  properly  designed  flywheel  keeps  the 
variation  down.  If  25  °fQ  of  the  load  is  thrown  off  suddenly,  the 
change  of  speed  will  be  from  3-5  % ;  if  full  load  is  thrown  off, 
the  momentary  change  of  speed  maybe  from  10-15  %,  but  the 
normal  value  is  soon  restored.  In  the  case  of  a  gate  or  needle 
valve  closing  rapidly,  there  may  be  a  considerable  rise  of  pressure 
in  the  pipe  line,  due  to  water  hammer ;  if  the  line  is  a  long  one, 
special  relief  valves  may  be  used,  but  these  are  less  certain  in 
action  than  surge  pipes  (§  251),  though  cheaper  in  first  cost.  The 
best  types  of  relief  valve  work  in  conjunction  with  the  governor, 
and  are  thus  positive  in  action. 

There  is  one  plant  in  India  which  is  worked  entirely  without  governors,  viz. 
that  at  Darjeeling.  The  governors  originally  supplied  were  actuated  from  the 
pressure  pipes  without  the  interposition  of  filters,  and  consequently  they  never 
worked  well.  After  the  whole  plant  had  been  overwhelmed  by  a  flood  and  land¬ 
slide  in  1897,  the  governors  were  removed  ;  and  from  that  year  up  to  the  present 
time  a  coolie  has  been  stationed  at  each  turbine  to  regulate  it  by  hand  according 
to  the  tachometer.  A  subsequent  extension  was  controlled  by  an  oil-pressure 
governor  for  some  time,  but  this  also  failed  occasionally  and  took  to  4  hunting,’ 
with  the  result  that  hand  regulation  was  adopted  exclusively.  The  work  is  purely 
mechanical  and  can  be  entrusted  to  a  man  with  no  knowledge,  but  the  method  is 
only  suitable  for  small  installations  and  where  cheap  native  labour  is  available. 

257.  The  Tail  Race. — Impulse  wheels  discharge  their  water 
directly  into  the  tail  race ;  there  is,  of  course,  no  draft  tube. 
The  tail  race  must  be  of  ample  size  to  give  a  free  exit  to  the 
water,  and  it  should  have  a  deep  water  cushion  to  take  the  actual 
discharge,  owing  to  the  high  residual  velocity  under  large  heads. 
Under  very  high  pressures  a  water  cushion  alone  is  insufficient  to 
protect  the  masonry  or  concrete.  A  cast-iron  block  or  a  baulk  of 
timber  may  be  used  as  an  additional  buffer,  or  the  water  may  be 
made  to  impinge  on  a  steel  plate  bent  to  a  suitable  transition 
curve,  so  as  finally  to  discharge  the  water  horizontally  in  a  long 
water  cushion.  The  tail  race  should  be  so  designed  that  when 
the  jet  is  deflected  off  the  buckets  it  has  an  unobstructed  passage 
to  the  outside  air  through  the  tail  race  passage. 
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MAXIMUM  DEMAND,  LOAD  FACTOR,  AND 
DIVERSITY  FACTOR. 

259.  Maximum  Demand. — Where  an  electrical  installation 
draws  its  supply  of  power  from  the  mains  of  a  public  company 
there  is  always  power  available  for  every  lamp  or  other  consumi  1*.^ 
device  therein,  although,  as  explained  in  connection  with  tari  Ms 
(§  269),  the  cost  of  the  supply  per  unit  may  vary  according  to  Lin* 
proportion  of  the  apparatus  in  the  whole  installation  in  use  at  on^ 
and  the  same  time;  where,  on  the  other  hand,  the  supply  1m  ob¬ 
tained  from  private  plant,  the  engines  and  dynamos  mast  lx* 
large  enough  to  meet  all  demands  on  them,  unless  accumulators 
are  also  installed.  The  initial  cost  of  the  plant  depends  on  Its 
size  and  the  duty  it  is  called  on  to  perform.  It  is  seldom  neces¬ 
sary  to  install  plant  capable  of  supplying  power  to  every  lamj>* 
etc.,  at  one  and  the  same  time,  and  in  order  clearly  to  explain  tl  ie 
principles  on  which  the  size  of  plant  must  be  based  certain  tecVini  caJ 
terms  must  be  introduced,  defined,  and  explained,  viz. 1  maximum 
demand/  ‘load  factor/  and  ‘diversity  factor/  The  maximum 
demand  is  really  self-explanatory,  representing  in  any  parti  exrlrrr 
case  the  actual  maximum  number  of  watts  or  kilowatts  reqnir*  ul 
for  a  specific  purpose.  Thus  one  particular  person's  maximum 
demand  may  be  equal  to  the  combined  power  required  by  all  bln* 
apparatus  he  has  installed,  e.g.  a  small  workshop  with  a 
motor  and  nothing  else.  Another  person’s  maximum  demand 
may  be  only  three-quarters  or  one-half  of  what  would  be  rxeedo*  1 
by  all  his  apparatus,  owing  to  the  use  of  the  different  itemH  not 
being  coincident  in  time.  The  maximum  demand  on  a  feeder*  err* 
any  line  supplying  a  number  of  different  persons  is,  thereof  ore* 
the  sum  of  all  the  actual  simultaneous  demands  (not  necesBardly 
or  even  generally  their  maxima)  from  the  individuals,  at  tlxe  time 
when  this  sum  reaches  its  highest  point.  The  maximum  demand 
on  a  power  house  is,  in  the  same  way,  the  sum  of  the  simultaxioo  uis 
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demands  on  all  the  outgoing  feeders  or  lines,  at  the  time  when 
this  reaches  its  highest  point. 

260.  Maximum  Demand :  Analogy  from  Water-supply  and  Steam. — 

Where  electric  supply  is  in  question  a  clear  comprehension  of  the  meaning  of 
the  term  ‘  maximum  demand  ’  is  essential,  and  this  may  best  be  obtained  by  con¬ 
sidering  analogous  conditions  in  other  branches  of  engineering.  The  simplest 
illustration  may  perhaps  be  taken  from  water-supply.  In  the  roads  are  large 
water  mains,  and  in  a  house  are  pipes  and  taps  capable  in  the  aggregate  of  dis¬ 
charging  a  certain  quantity  of  water  in  gallons  per  minute ;  if  there  were  a  clear 
passage  from  the  mains  to  the  house  an  unrestricted  supply,  and  perhaps  great 
waste,  would  result;  and  in  order  to  prevent  this  all  the  water  from  the  mains  has 
to  pass  through  a  small  ferrule.  Leaving  out  of  consideration  the  regulating 
tanks  in  the  house,  which  modify  the  conditions  in  practice,  it  is  evident  that  if 
all  the  taps  are  left  open  the  ferrule  will  limit  the  maximum  rate  at  which  the 
supply  cau  be  drawn  off  to  a  given  number  of  gallons  per  minute  ;  in  other  words, 
the  ferrule  is  designed  to  limit  the  ‘  maximum  demand 5  to  what  is  deemed  neces¬ 
sary  for  the  house.  The  occupier  may  draw  off  water  at  this  maximum  rate  for 
the  whole  24  hrs.  or  for  1  hr.  only,  or  he  may  never  require  to  use  the  full 
capacity  of  his  ferrule  at  all ;  but  he. can  never  draw  off  from  the  mains  at  a  rate 
in  excess  of  what  the  ferrule  allows. 

A  somewhat  more  complicated,  but  perhaps  closer,  analogy  may  be  taken 
from  steam  supply.  Suppose  a  number  of  small  industries  to  be  concentrated  at 
a  certain  spot,  each  having  a  small  boiler  and  engine,  some  working  all  the  24 
hours,  some  during  the  day  only,  and  some  during  the  night  only.  A  member  of 
the  community  offers  to  put  up  a  large  central  battery  of  boilers  and  to  distribute 
steam  to  the  colony,  thus  saving  the  labour  and  waste  involved  in  a  number  of 
inefficient  units.  The  profit  to  be  obtained  from  this  venture  will  depend  on  the 
total  amount  of  steam  sold  at  a  remunerative  rate,  and  m  fixing  this  rate  the 
owner  will  have  two  factors  to  consider,  viz. : — 

(а)  Capital  charges,  which  are  independent  of  the  amount  of  steam  generated 

and  sold,  but  which  depend  on  the  total  steaming  capacity  or  horse¬ 
power  of  the  boilers  installed  ;  and 

(б)  Charges  for  fuel,  etc.,  varying  to  a  great  extent  with  the  total  amount  of 

steam  generated. 

We  have  here  then  two  distinct  factors,  viz. : — 

(i)  The  maximum  horse-power  which  the  boilers  are  capable  of  supplying ;  and 

(ii)  The  total  horse-power -hours  which  they  do  in  fact  supply. 

Before  laying  down  his  plant  the  supplier  of  steam  will  want  to  know  the  re¬ 
quirements  of  each  customer;  not  only  the  total  amount  of  steam  that  customer 
will  want  during  the  day,  but  also  the  maximum  rate  at  which  he  will  require 
steam  at  any  one  time ,  i.e .  his  maximum  demand.  This  will  be  proportional  to 
the  maximum  horse-power  in  use  at  any  time,  which  will  generally  be  much  in 
excess  of  the  average.  This  maximum  demand  is  independent  of  time ;  it  may 
last  for  half  an  hour  or  five  hours.  Having  thus  ascertained  the  maximum  de¬ 
mand  of  each  consumer,  and  the  hours  when  he  will  probably  be  using  this 
maximum,  the  supplier  will  be  in  a  position  to  calculate  the  sum  of  all  the 
maximum  demands  at  all  the  different  hours,  and  thus  to  ascertain  the  maximum 
rate  at  which  he  will  ever  have  to  generate  steam  ;  this  will  determine  the  number 
and  size  of  the  boilers  and  the  prime  cost  of,  and  capital  charges  on,  the  central 
boiler  installation. 
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It  is  quite  clear  from  tlie  above  that  the  rational  method  of  charging  a  con¬ 
sumer  for  the  steam  supply  would  be  at  a  certain  rate  per  pound,  covering  the 
fuel  and  other  working  costs,  plus  an  amount  covering  the  capital  charges  for 
which  the  particular  consumer  had  been  responsible  by  his  maximum  demand, 
i.e.  by  his  method  of  demanding  supply.  The  former  rate  of  charge  would  be  the 
same  for  all  consumers,  the  latter  would  not,  but  would  be  heavier  in  proportion 
for  those  who  demanded  steam  at  the  greater  rate.  This  is  precisely  the  basis  of 
the  maximum  demand  tariff  for  electricity  supply,  to  which  reference  is  again 
made  in  §§  264,  272,  275,  et  seg. 

261.  Load  Factor. — In  technical  phraseology  the  load  factor 
is  the  ratio  between  the  actual  output  of  a  power  station  in  units 
and  the  output  that  would  result  if  the  average  demand  was 
equal  to  the  maximum.  Put  in  the  form  of  an  equation  it  is — 
Load  Factor  = 

Number  of  units  sold  x  100  0 , 

_ _ _ _ _ _ — - -  —  tv*,  / 

Max.  simultaneous  load  on  feeders  in  kW  x  Hours  of  supply  period  '  1  °* 

For  example,  a  plant  has  been  laid  down  consisting  of  three  sets  each  of  100  kW, 
of  which  one  is  kept  in  reserve.  The  working  sets  can  then  give  200  kW,  and  it 
may  be  assumed  that  the  maximum  load  on  them  reaches  this  figure  at  some 
time  during  the  year.  Now  if  the  average  demand  were  equal  to  the  maximum, 
the  load  would  be  200  kW  throughout  the  year,  and  the  total  output  of  the  plant 
would  be  24  x  200  x  365  =  say  1£  million  units  (kWh).  If  the  actual  output  is 
1  million  units  per  annum  the  annual  load  factor  is  57  °/o.  and  so  forth. 

Sometimes  it  is  more  convenient  or  more  logical  to  deal  with 
the  daily,  weekly,  or  monthly  load  factor.  The  only  difference  is 
in  the  period  over  which  the  actual  output  is  reckoned  and  during 
which  the  maximum  demand  is  observed,  but  the  monthly  load 
factor  is  generally  different  from  the  annual  load  factor  and  from 
that  reckoned  on  a  24-hr.  basis. 

The  load  factor  of  an  individual  is  similarly  calculated  from — 

Consumer  S  load  factor  (  /0)  —  Maximum  demand  x  Hours  of  supply  period* 

Except  in  the  case  of  supply  from  a  plant  that  is  only  working 
for  part  of  each  day,  the  hours  of  supply  are  always  reckoned  as 
24  per  diem  or  8  760  per  annum.  The  importance  of  good  indi¬ 
vidual  load  factors,  i.e.  such  as  approach  as  near  as  may  be  to 
100  °/Q,  will  be  appreciated  as  we  proceed.  Of  all  work  using 
electrical  energy  the  various  electro-chemical  industries  have  the 
best  individual  load  factors ;  such  factories  may  work  for  24  hrs. 
a  day  throughout  the  year.  This  is  also  sometimes  true  of  pump¬ 
ing  plants,  especially  in  mines,  but  here  the  power  required  will 
be  a  comparatively  small  proportion  of  the  total  power  used  for 
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all  purposes.  Street  lighting  averaging  about.  1  1  hrs.  per  diem 

has  an  annual  load  factor  of  ^  --  4 (>  "/ .  Private  lighting 

24 

haw  the  worst  haul  factor  of  all,  often  not  mores  than  5-8  7„* 

262 Diversity  Factor.  -Tlus  term  ‘diversity  factor’  in  un¬ 
fortunately  defined  in  several  different  ways,  and  although  the 
expert  can  generally  tell  what  is  meant  this  leads  to  confusion, 
it  is  sometimes  stated  that  diversity  factor  ratio  ol  actual 
maximum  load  on  feeders  to  the  sum  of  the,  maximum  demands 
of  all  consumers,  or,  in  the  form  of  an  equation  ~ 


Diversity  factor 


Mas.  load  on  ftuuicrH  in  kW  x  HX) 

Sum  <d  pumiuuoni'  maximum  UcmmmlH  111  kW 


d 


Tim  \  if  the  maximum  lead  <<u  tint  fttetlurri  in  100  kW  and  the  Hum  of  Urn  indi 
vidund  load  \  m  k\V,  the  diversity  factor  in  100  x  100  /  200  00  "/»,* 


On  the  other  hand,  the.  International  Meet  rot  eel  mica  l  ( Join- 
mission  in  IWH  defined  diversity  factor  as  ‘the  number  obtained 
by  dividing  the  stun  of  the  maximum  loads  of  the  individual 
consumers  supplied  by  any  works  during  a  given  period  of  time, 
by  the  maximum  load  delivered  from  the  works  during  the  same 
period/  This  gives  a  number  instead  of  a  percentage,  Mt 


.  .  .  -  Sum  of  t’rmnumifrtt’  maximum  dnmnmlH  in  kW 

I  ivcrsu}  ac.to?  Maximum  load  on  fuoderH  in  kW 

In  Mo?  exatitpl*1  #iv«m  above  thin  would  ho  2(X)  /  UX)  2. 


A  leading  article  in  Ih*'  Elect  net  an  ( Vol.  72,  p.  872)  supports 
this  latter  murn  authoritative  definition,  ami  it,  is  to  he  hujted 
that  uniformity  will  presently  he  reached.  On  tlm  fir, si  has  is  a 
better  diversity  factor  involves  a  lower  percentage,  wliich  in  con 
tradietory  and  confusing;  on  Urn  I.K.O.  basis  a  better  factor  is 
alhn  represented  l.y  a  large  number,  as  it  naturally  should  lie. 
Thu  mimic  result*  will  of  course  Is;  obtained  if  the  loads  are  stated 
in  H.P.  t,r  in  amjieres  at  the  declared  pressure  of  Hupply.  The. 

*  given  jwriod  of  time'  may  be  a  day  or  a  month  or  a  year,  accord¬ 
ing  to  the  circumstances,  and  the  diversity  factor  may  be  that  on 
on*,  feeder,  or  other  line,  or  on  a  whole  works.  0.  W.  Charles- 
worth  (El.  Hrv .,  Vol.  Hft,  p.  1(11)  gives  the  following  values  for 
the  diversity  factor  of  various  loads:  lighting  1*1- IT),  average 
1-2 5;  j tower  1  •",.;{•<),  average  2-0;  heating  and  cooking  4-10, 
average  7 "0.  Kxainpfes  follow  later  (§  2(14). 
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263.  Diversity  Factor  and  Load  Factor ;  Analogy  from  Steam.— Pursuing 
the  example  of  §  260,  it  will  be  seen  that  if  the  maximum  demands  of  all  the 
consumers  happen  to  be  required  at  the  same  time  the  plant  must  be  capable  of 
supplying  the  sum  of  them  all,  and  the  capital  cost  will  be  very  high.  On  the 
other  hand,  it  will  often  so  happen  that  the  hours  at  which  the  different  consumers 
are  using  their  maximum  demands  differ  greatly ;  in  this  case  the  capacity  of  the 
boiler  need  only  be  such  as  to  meet  the  highest  sum  of  maximum  demands  at  any 
one  time ,  and  the  installation  is  said  to  have  a  good  4  diversity  factor/  Obviously 
with  a  good  diversity  factor  the  capital  charges  are  reduced  and  lower  inclusive 
rates  can  be  charged. 

If  one  of  the  consumers,  in  the  case  we  are  considering,  required  steam  at  a 
steady  rate  throughout  the  whole  24  hrs.,  so  that  his  maximum  demand  were 
equal  to  his  average  demand,  he  could  evidently  be  supplied  profitably  at  a  lower 
rate  of  charge  per  lb.  of  steam  than  another  consumer  with'  the  same  maximum 
demand  and  a  very  low  average  demand.  The  former  would  have  a  good  ‘  load 
factor,’  viz.  100  °/0,  and  the  latter  a  bad  one,  perhaps  10  °/0.  In  the  case  of  the 
central  boiler  plant,  if  in  the  course  of  working  the  conditions  were  such  that  all 
the  boilers  were  working  near  their  full  power  all  the  time  the  plant  would  be 
said  to  have  a  good  ‘  load  factor,’  and  the  working  costs  would  be  low.  Both  these 
two  varieties,  viz.  consumer’s  load  factor  and  plant  load  factor,  are  met  with  in 
electric  supply.  The  most  favourable  conditions  for  cheap  supply  will  obviously 
be  those  where  the  size  and  cost  of  the  plant  is  low,  owing  to  a  good  diversity 
factor,  and  the  daily  output  of  each  unit  of  plant  is  large,  owing  to  a  good  load 
factor.  As  shown  by  the  example  in  Fig.  50,  §  266,  a  high  diversity  factor  is  im¬ 
possible  if  individual  load  factors  are  very  high,  but  this  does  not  matter  because 
the  large  plant  required  (owing  to  the  low  diversity  factor)  is  highly  productive 
(owing  to  the  high  load  factor). 

264.  Maximum  Demand,  Diversity  Factor,  and  Load 
Factor  in  Electric  Supply. — If  the  explanations  in  the  preceding 
paragraphs  have  been  followed,  it  will  be  evident  that  they  can 
be  translated  into  electrical  terms.  Horse -power  and  electrical 
power  in  kilowatts  are  convertible  terms,  both  representing  the  rate 
at  which  power  is  being  used  :  so  also  are  horse-power  hours  and 
kilowatt  hours  or  units,  both  representing  the  amount  of  power 
used :  and  yet  the  confusion  of  watt  and  watt-hours  is  a  constant 
source  of  difficulty.  Substituting  motors  or  other  current-con¬ 
suming  apparatus  for  the  independent  engines,  and  an  electric 
power  station  for  the  boiler  plant  in  the  above  illustration,  the 
conditions  remain  precisely  as  stated.  If  the  maximum  demands 
of  the  various  motors  or  other  apparatus  (expressed  in  kilowatts) 
occur  at  all  hours  of  the  day  and  night,  the  diversity  factor  of 
the  power  station  will  be  good,  and  the  plant  will  be  comparatively 
small  (and  inexpensive)  in  proportion  to  what  it  would  be  if  the 
contrary  were  the  case.  If,  in  addition,  the  demand  for  power 
throughout  the  working  hours  is  fairly  constant,  the  plant  will 
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have  a  good  load  factor,  and  will  be  earning  a  good  return  on  its 
cost  all  the  time.  The  consumers'  maximum  demands  and  the 
times  at  which  they  occur  will  always  therefore  be  of  importance. 

The  ideal  case  of  a  station  supplying  a  number  of  loads  each 
of  which  is  constant  during,  the  24  hrs.  is  unattainable  in  practice. 
The  actual  total  load  on  the  station  varies  from  hour  to  hour  and 
is  represented  by  a  more  or  less  irregular  curve  ( see  Figs.  49-51, 
§§  265,  266).  Addition  of  a  constant  24-hr.  load  to  the  existing 
load  curve  will  improve  the  load  factor  of  the  station,  but  a  yet 
greater  improvement  therein  would  be  effected  by  adding  the 
same  additional  output  during  off-peak  hours  so  as  to  increase 
the  total  output  without  increasing  the  maximum  load.  In  other 
words,  whilst  the  percentage  value  of  the  peaks  in  a  load  curve 
can  be  reduced  by  adding  constant  loads  to  the  latter,  better 
results  can  be  obtained  by  adding  loads  which  will  fill  up  the 
hollows  of  the  curve. 

From  the  supplier’s  point  of  view  electric  lighting  (other  than 
in  streets)  is  by  no  means  a  satisfactory  Toad,'  owing  to  the 
limited  hours 'of  use.  Plant  lying  idle  is  costing  as  much  in 
capital  charges,  for  interest  and  depreciation,  as  when  it  is  fully 
loaded.  Consequently,  by  the  bait  of  a  low  tariff  for  other  pur¬ 
poses,  undertakers  seek  to  encourage  the  use  of  electrical  energy 
in  more  profitable  directions,  to  the  advantage  both  of  the  supplier 
and  consumer.  In  the  domestic  field,  these  applications  of  elec¬ 
tricity  include  electric  fans  and  motors,  heating  air  or  water, 
cooking  and  minor  domestic  apparatus.  These  have  a  far  better 
diversity  factor  than  lights. 

265.  Some  Practical  Examples. — In  very  small  lighting  in¬ 
stallations  the  maximum  demand  may  amount  to  80  or  100  °/0  of 
the  wattage  of  lamps  installed ;  and,  on  the  other  hand,  it  may 
amount  only  to  33  °/0  or  so  of  the  wattage  installed  in  a  large 
installation.  In  assessing  primary  charges  under  the  pre-war 
‘telephone’  lighting-tariff*  (§§  272,  273)  at  Marylebone  (London), 
the  maximum  demand  assumed  was  70  °/0  the  wattage  installed 
for  lighting,  excluding  convenience  lights  (i.e.  lamps  in  cupboards, 
cellars,  pantries,  and  so  on).  Probably  it  is  not  far  wrong  to 
assume  66  0/o  maximum  demand  on  the  first  10  lamps  in  a 
domestic  lighting  installation  and  33  °/0  thereafter,  or,  say,  50  °/0 
of  the  total  lighting  wattage  installed  in  an  average  middle-class 
home.  According  to  Mr.  Seabrook  (Town.  48,  p.  394), 
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it  has  been  found  in  Chicago  that  the  average  residence  pereimtage 
of  maximum  demand  U >  watts  installed  in 

90  */u  in  a  d()0  W  installation. 

M  „  ,,  500  \V 

•ts  ,,  ,,  I  000  W 
40  „  2  000  W 

In  churches,  theatres,  shops,  and  offices,  t It**  vvhoh*  ui  tin*  lights 
may  bo  in  use  at  once,  and  t  in*,  maximum  domain  I  cnnseijurntly 
equal  to  tho  maximum  possible.  Whom  motors  air  it  sod  for 
pumping  or  other  domestic  uses,  the  work  run  generally  h«*  done 
during  daylight  hours,  whim  tho  lights  am  otf,  and  tho  M.l).  will 
not  ho  affected  -unless,  of  course,  tho  piwi-r  talo  n  hy  tin*  motor 
in  creator  than  that  taken  by  tho  lamps,  in  whioh  en*»**  tho  formor 
determines  tho  M.IX  Whoro  electric  heating  and  cooking  aro 
used  tho  lighting  and  powor  loads  inevitably  overlap,  and  tho 
M.l).  is  raised.  In  such  oasos  tho  j*nver  load  will  generally  In* 
much  greater  than  tin*  lighting load*  mi«I  tin*  M.l).  must  )m  worked 
out  according  to  tho  apparatus  installod  and  tho  prohahlo  hour* 
during  which  both  light  and  jmwer  xvill  1m  in  uhi-  together.  Tho 
domestic  M.I>.  for  lighting  supply  is  generally  uhmt  h  c.m.,  but 
if  electric  conking  ho,  practised  tho  maximum  evening  demand 
is  shifted  to  0  or  7  km.,  according  to  the  hour  of  dining,  and  it  is 
often  found  that  the  mutual  maximum  domain!  occurs  just  hofom 
break  fast  in  winter,  when  a  quantity  of  heating  and  rooking 
apparatus  in  in  use  in  addition  to  a  certain  amount  of  lighting 
In  India  tho  domestic  MJ>.  generally  occurs  at  about  H  km*, 
whether  the  load  is  lighting  only  or  mixed  lighting  and  jsiwer. 
Keforence  may  \m  made  to  tho  examples  in  $  275  and  Chapter  25. 

It  will  ho  instmetivo  hem  to  give  a  Wf irking  example  going 
beyond  the  bounds  of  a  private,  installation  ;  say,  fora  small  town 
in  the  tropics.  The  conditions  assumed  are  set  out  alongside* 
Kig.  40  which  shows  the  ‘  load  curve'  ( kilowatts  plotted  against 
time)  for  each  of  the  comjjommt  loads,  and  also  the  totiil  load  iin- 
pose,d  ujsm  the  station  hy  the.  sum  of  the  individual  loads. 

Lead  (i)  will  1*!  rcprrwmOv!  by  h.  Itiw  *&  M)  k\V  (mm  About  ft  r.aft  t« 

ft  a.m.  ;  lu  individual  i««ut  fa*  U*r  t«  50  *7*  JV*»4  pi)  will  J#?  r*?j»r*<Mtnicd  hy  a 

utraiftht  line  at  40  kW  Uirmighcan  Urn  Ui  lir». ;  its  l**ad  factor  will  100  Thu 
curve  load  (tit)  hie*  bon  drawn  of  thn  fcfiprettmmto  nhap**  it  would 

bo  ut  {iraoiiiM*,  th«  l<*ad  ftegimtiuK  ai  uLmi  i  v,M,t  rising  rapidly  to  a  maximum 
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at  8  p.m.,  and  thereafter  dropping  down  to  a  very  small  night  load,  the  whole 
curve  corresponding  to  the  consumption  assumed ;  its  load  factor  is  only  13  %. 
Load  (iv)  yields  a  much  more  uniform  curve  than  the  previous  one ;  it  will  he 
lowest  in  the  early  morning,  will  be  at  its  maximum  in  the  early  afternoon,  will 
drop  somewhat  during  the  hours  when  people  are  out  of  doors,  will  rise  again 
about  the  dinner-hour,  and  will  then  drop  to  the  steady  all-night  load  ;  its  load 
factor  during  the  six-month  working  season  to  which  the  curve  relates  will  be  40  %, 
whereas- it  will  be  practically  zero  during  the  rest  of  the  year.  Load  (v),  the  com¬ 
mercial  motor  load,  will  come  on  in  the  early  morning,  will  probably  drop  some¬ 
what  at  midday,  and  will,  for  the  most  part,  stop  about  6  or  7  p.m.  ;  its  load  factor 
will  he  35  °/0.  By  adding  the  ordinates  of  all  the  curves  hour  hy  hour  the  total 
load  curve  (vi)  is  obtained,  showing  a  maximum  load  on  the  plant  of  650  kW.  As 

(i)  Public  Lighting. — 50  kW  steady 

load  for  an  average  of  12  hrs.  a 
night  throughout  the  year— 

6  p.m.  to  6  A.M. 

(ii)  Pumping. — 40  kW  steady  load 
throughout  the  24  hrs.  all  the 
year  round. 

(iii)  Private  Lighting . — 550  kW  of 
lights  installed  ;  maximum  de¬ 
mand  350  kW  between  8  and  9 
P.M.  Consumption  equal  to 
2  hrs.’  use  of  all  lamps  daily 
throughout  the  year.  Practi¬ 
cally  no  all-night  load.  Maxi¬ 
mum  load  variable. 

(iv)  Fans . — 350  kW  of  fans  installed ; 
maximum  demand  250  kW  be¬ 
tween  1  p.m.  and  4  p.m.  A  good 
aAl-day  load  and  a  fair  all-night 
load  for  6  months  in  the  year. 

(v)  Motors. — 400  kW  installed; 

maximum  load  180  kW  between 
9  A.K.  and  noon ;  a  good  load  all  ^  49._Load  curves  for  a  small 
day  and  practically  no  night  load.  town. 

the  values  assumed  are  maxima,  the  average  values  will  he  considerably  lower, 
especially  during  the  season  when  fans  are  not  running.  The  daily  load  curve,  of 
which  Fig.  49  is  an  example,  varies  of  course  from  day  to  day.  Many  engineers 
have  their  daily  load  curves  drawn  out  on  cardboard  and  then  cut  out  and  stacked 
vertically  in  a  box,  like  a  card  index  catalogue  ;  the  resulting  mass  of  cards,  when 
compressed  close,  gives  a  solid  graphical  representation  of  the  conditions  obtaining 
over  any  period. 

From  the  curves  in  Fig.  49  much  information  can  be  extracted.  In  the  first 
place,  the  area  of  each  to  the  base  line  is  a  measure  of  the  units  consumed.  In 
the  figure  as  reproduced,  the  horizontal  scale  is  O'  075  in.  to  1  hr.  and  the  vertical 
scale  is  0*  075  in.  to  20  kW,  so  that  each  0'  075  in.  square  (i.e.  0*005  64  sq.  in.) 
corresponds  to  20  kWh  ;  in  practice  larger  and  more  convenient  scales  are  used. 
The  ratio  of  the  area  under  each,  curve  to  the  total  area  of  the  rectangle  in  which 
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it  is  contained  is  the  load  factor  of  that  particular  curve,  giving  the  results  enumer¬ 
ated  above.  The  peak  of  the  aggregate  curve  shows  the  number  of  kilowatts  the 
plant  must  be  capable  of  giving,  and  the  ratio  of  the  area  of  that  curve  to  its 
rectangle  gives  the  load  factor  of  the  plant  on  the  particular  day  for  which  it  is 
drawn.  If  similar  curves  are  made  for  average  summer  and  winter  conditions, 
the  annual  consumption  and  load  factor  can  be  found  from  the  various  areas. 
Table  37  gives  the  probable  results  under  the  conditions  set  forth. 


Table  37. — Illustrating  Conditions  of  Supply. 


! 

Nature  of  Load. 

Kilowatts 

Connected. 

Max. 

Demand. 

kW. 

Average  Demand  and 
Hours  of  Use. 

Units  per 
Annum. 
kWh. 

(i)  Public  lights  . 

50 

1 

50 

50  kW  for  12  hours 
for  365  days 

219  000 

(ii)  Pumping 

4° 

40 

40  kW  for  24  hours 
for  365  days 

350  000 

(iii)  Private  lights  . 

;  550 

350 

2  hours*  use  all  lights 
per  day 

400  000 

(iv)  Fans 

350 

250 

100  kW  for  24  hours 
for  180  days 

430  000 

(v)  Motors  . 

400 

180 

125  kW  for  12  hours 
for  865  days 

532  000 

Total 

1  390 

870 

• 

__ 

1  931  000 

It  will  be  observed  that  the  total  in  the  M.D.  column  is  870  kW,  whereas  in 
'  Fig.  49  it  is  only  050  kW  ;  this  is  due  to  the  fact  that  in  practice  the  various  maxi¬ 
mum  demands  are  not  simultaneous,  or,  in  other  words,  to  the  diversity  factor  of 
the  various  loads .  For  that  matter  they  would  not  even  occur  on  the  same  day, 
except  by  coincidence.  With  the  assumed  steady  street  lighting  and^  pumping 
the  load  factor  over  the  whole  year  will  be  an  exceptionally  good  one,  viz. 
1  931  000  x  100  /  650  x  365  x  24  =  34  % ;  will  be  higher  than  this  on  the 
mrve,  but  there  all  the  maximum  loads  are  assumed  to  occur  at  different  times  on 
;he  same  day,  which  would  hardly  be  likely  to  happen.  Actual  computation 
ihows  that  the  total  load  curve  in  Fig.  49  has  an  area  of  11*3  sq.  ins.,  while  the 
jontaining  rectangle  is  21*7  sq.  ins.  The  ratio  between  these  shows  a  daily  load 
factor  for  this  one  day  of  52  °/Q  or  8  160  units  generated  in  one  day  against  a 
possible  15  600.  The  total  units  per  annum  shown  in  Table  37  are  less  by  about 
36  °/0,  viz.  1*9  million  against  3  million. 

The  diversity  factor  for  this  particular  day  will  be  870  /  650  =  1*34  or,  if  ex¬ 
pressed  by  the  first  method  explained  in  §  262  as  a  percentage,  0*75  °/0.  This  too 
will  vary  from  day  to  day. 

Reference  to  Fig.  49  shows  that  the  plant  is  only  fully  loaded 
from  about  6-10  P.M.  It  would  pay  to  take  additional  load  at 
a  very  low  rate  if  these  hours  were  excluded  by  agreement.  In 
the  U.S.A.  a  large  business  has  been  worked  up  in  charging 
batteries  for  electric  automobiles  (Chapter  36)  during  the  hours 

366 


LOAD  FACTOR  AND  DIVERSITY  FACTOR  §  266 

of  light  load.  It  is  said  that  65  million  units  per  annum  are 
used  for  this  purpose. 

Elsewhere  arrangements  are  made  so  that  pumping  loads,  or 
water  heating,  are  carried  out  at  all  hours  of  the  day  except  just  at 
the  'peak  load ;  in  this  way  they  may  add  greatly  to  the  number 
of  units  usefully  sold  without  causing  any  addition  to  be  made 
to  the  size  of  the  generating  plant.  Furthermore,  the  actual  cost 
of  these  units  to  the  supplier  is  merely  the  extra  cost  of  fuel  re¬ 
quired  to  produce  them,  and  therefore  far  below  the  total  average 
cost  of  all  the  units  sold,  so  that  such  off-peak  supply  is  doubly 
profitable. 

266.  Industrial  Load  Curves. — Fig.  50  shows  a  load  curve  such  as  will  be 
more  or  less  typical  of  a  water-power  plant  supplying  electro-chemical  or  metal- 


IPig.  50. — Load  curve  typical  of  electro-chemical  or  metallurgical  industries. 

lurgical  industries.  In  this  are  shown  four  separate  load  curves  and  their  sum¬ 
mation. 

No.  1  takes  about  2  000  kW  from  6  a.m.  to  6  p.m. 

Nos.  2  and  3  take  about  3  000  and  4  000  kW  respectively  throughout  the  24 
hrs.  on  some  continuous  process. 

No.  4  represents  the  local  load  of  the  town  and  of  the  continuous  factories  in 
lighting  and  other  subsidiaries,  rising  to  a  maximum  of  1  800  kW. 

Here  tho  load  factor  of  the  whole  supply  is  about  86  °j0 — even  this  is  some¬ 
times  exceeded  in  such  works — and  the  diversity  factor  of  the  4  separate  loads  is 
11  700  /  10  000  or  1*17.  The  individual  load  factors  are  so  high  that  there  is  not 
much  room  for  diversity. 

The  curve  in  Fig.  51  is  an  ideal  one,  with  a  diversity  factor  and  load  factor 
such  as  the  station  engineer  seldom  realises  except  in  his  dreams  ;  but  neverthe¬ 
less  it  represents  an  ideal  towards  the  attainment  of  which  he  can  do  a  great  deal. 
Only  the  peaks  of  the  several  loads  are  shown,  and  the  summation  curve  is  there¬ 
fore  only  approximate.  Inspection,  however,  shows  the  combined  peak  load  to  be 
about  1  640  kW  at  the  time  when  all  the  various  lighting  loads  overlap  with  cook¬ 
ing  $$  9  F.M.,  or  perhaps  7  p.m.  in  actual  fact.  The  individual  peaks  are — 
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CHAPTER  12. 

ELECTRICITY  COSTS  AND  TARIFFS. 

268.  ‘  Undertakers’  and  the  Sale  of  Energy. — Where  a  public 
company  or  local  authority,  known  in  British  law  as  ‘  undertakers,’ 
is  supplying  energy  under  an  1  order  ’  within  any  ‘  area  of  supply,’ 
it  is  generally  cheaper  to  purchase  from  the  undertakers  rather 
than  to  generate  from  private  plant  (see,  however,  §  185),  not¬ 
withstanding  the  fact  that  the  undertakers  must  make  a  profit  on 
their  sales.  For,  in  the  first  place,  the  supplier  can  lay  down  a 
large  plant  at  a  much  lower  capital  cost  per  horse-power  or  kilo¬ 
watt  than  a  private  person  can  lay  down  a  small  plant ;  secondly, 
he  can  keep  his  plant  working  at  a  better  load  factor  (§  264)  t.Rnn 
any  private  person,  owing  to  the  diversity  of  uses  to  which  differ¬ 
ent  consumers  will  put  the  power  and  the  different  times  at  which 
their  various  maximum  demands  (§  265)  will  occur,  ie.  the  good 
diversity  factor  (§  264)  of  the  load.  Even  so,  the  actual  works 
cost  of  generating  a  unit  varies  greatly  in  different  undertakings, 
from  about  0  9d.  up  to  8'4d.  (Table  38,  §  269);  and  the  selling 
price  varies  accordingly.  The  most  important  item  in  the  costs 
is  the  price  of  fuel  (Tables  25,  26,  §  194),  and  it  is  therefore  often 
tacitly  assumed  that  a  hydro-electric  plant  will  always  be  able  to 
supply  energy  cheaper  than  a  steam  plant ;  this,  however,  is  not 
necessarily  the  case,  as  the  capital  cost  of  water-power  develop¬ 
ment  is  generally  comparatively  high  (Table  35,  §  216). 

269.  Analysis  of  Cost  of  Public  Supply.— In  order  to  realise 
the  great  variations  in  the  working  expenses  of  different  under¬ 
takings,  reference  may  be  made  to  the  tables  published  periodi¬ 
cally  by  the  Electrical  Times,  analysing  the  costs  in  hundreds  of 
British  power  stations.  There  are  certain  general  considerations 
applicable  everywhere.  In  the  first  place,  certain  items  of  cost 
vary  approximately  with  the  output  of  the  plant  from  time  to 
time,  viz.  fuel,  oil,  water;  engine-room  stores;  and  (to  some 
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extent)  wages,  repairs, and  maintenance.  Naturally,  il  tie-output 
increases  greatly,  the  coni  of  these  items  per  unit  tj*  nr  ratal  or 
Hold  drops  somewhat,  but*  cm  the  whole*  it  is  fairly  constant  in  any 
particular  case;  and  in  charging  for  energy  supplied  earh  mir 
Humor  should  pay  his  .share?  of  those?  chart's  according  to  his 
consumption.  Owing  to  the?  absence  of  fuel  char#**,  which  may 
amount  to  from  3(M>0  of  the  works  cost  of  a  steam  station, 
the  works  costs  of  a  water-power  plant  arc  generally  lowmx  The 
other  items  of  cost  arc  independent  of  the  output  of  the  plant, 
viz.  Hint,  rate's,  and  taxes;  management  expenses;  interest  and 
depreciation;  these  involve?  the*  payment  of  a  fixed  mum,  whether 
the  output  is  large  or  small,  more  or  loss  in  proportion  to  the* 
total  size  and  capacity  of  the  plant.  Ah  the-  output  in  units  in¬ 
creases  the  cost  of  thesis  items  per  unit  diminishes;  double*  the 
units,  and  the  share?  of  the  cost  of  each  is  halved.  Now,  as  the* 
size  of  the  plant  ultimately  depends  on  tin*  maximum  power  re¬ 
quired  by  the  various  consumers,  it  will  i*e  evident  that  each  con¬ 
sumer  should  pay  an  annual  sum  suflieimt  to  cover  his  share  of 
those?  fixed  charges,  according  to  his  demand,  in  addition  to  his 
share?  of  the  variable?  costs  (see  also  §  2110).  In  the  case  of  hydro- 
electro  plant  nearly  the  whole  of  the  costs  are  fixed,  the  capital 
charge's  being  generally  by  far  the?  most  impuinnt;  consequently 
in  these  plants  the  cost  price?  of  a  unit  varies  almost  inversely  as 
the  total  output;  if  the  plant  is  standing  idle?  it  is  costing  almost 
aN  much  as  when  working  continuously  at  full  load,  so  that,  in 
order  to  till  in  the  hollows  in  tlm  head  curve  and  improve  the  head 
factor,  it  pays  to  sell  energy  from  such  an  undertaking  at  a  very 
ow  price  during  certain  restricted  hours  (§  217).  The  various 
iritis  for  the  sale?  of  energy  are  based  mi  these  two  factors  of 
ariablo  costs  and  fixed  costs. 

Effect  of  Size  of  Plant  and  Load  Factor  on  ’  Wnrlcn 
—Although  averages  are  notoriously  unreliable,  Table  38  may  hi* 
found  of  some  value.  The  figures  therein  have  been  calculated 
from  the  invaluable  4 Tables  of  Costs  and  Uncords'  which  the 
Electrical  Times  has  now  published  for  many  years,  Typical 
plants  of  various  sizes  at  various  load  factors  have  !#een  taken, 
and  the  various  items  which  make  up  the  works  costs  ( />.  capital 
charges  being  excluded)  have  been  averaged  for  each  group ;  at 
the  end  of  the  table  are  given  the  highest  and  lowest  costs  of  the 
*i(K>  undertakings  analysed  in  the  paper  mentioned.  Tlm  average 
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Table  38.- Works  Costs  per  Unit  (kWh)  in  Great  Britain. 

to  the*year  192^5  affiTj  ?9*f ^Csi ^  ^  *1" 

attributable  mainly  to  differences bltif  k  Ino“slste?oies  m  this  table  are 
and  to  the  fact  that  the TaUcTsed 

same  groups  of  stations  ltallclsed  and  teavy-faoe  figures  do  not  apply  to  the 


i 

j  Plant  Installed 

1  (Approximate). 

Output  per  Annum. 

|  Load  Factor. 

Fuel. 

- — - 1 

Oil,  Waste,  Water, 
Stores. 

Wages. 

Repairs  and  Main¬ 
tenance. 

Rent,  Rates,  and 
Taxes. 

Management, 
Salaries,  Office  and 
Legal  Expenses. 

Total  Works  Costs. 

kW. 

II 

Sd 
s  «*-« 

°/ 

/  0* 

Pence  per  Unit. 

i 

300 

(0'17 

0*21 

\0'24 

0*30 

W'29 

10 

12 

15 

161 

19 

0-53 

216 

0-53 

1*73 

0-52 

O'lO 

0*23 

0-09 

Oil 

0-06 

0-32 

113 

0-30 

0*72 

0-26 

0-45 

0*96 

0-38 

0*86 

0-28 

0-14 

0*27 

0-14 

0’20 

0-10 

0-63 

1*32 

0-43 

075 

0-36 

2-17 

610 

1-87 

4*39 

1-58 

1000 

r0-76 

0-97 

L'O 

|T4 

U-6 

151 

20 

221 

24 

O' 51 

1*95 

0-34 

1*88 

0'33 

0'05 

0*08 

0-05 

0*24 

0-03 

0-25 

0*60 

0-15 

0*46 

0-13 

0-28 

072 

0-20 

0*66 

O'lO 

0-12 

0-24 

0-10 

0*09 

0-06 

0-33 

0*59 

0-15 

0*49 

0-10 

1-54 

4*20 

0-99 

3*84 

0-75 

10  000 

r 11 

9 

ha 

11 

U3 

m 

18 

21 

24 

25 

0-29 

0*99 

0'28 

0*89 

0-17. 

O' 03 
0*03 
0-02 
0*03 

0-01 

0-11 

0*22 

0-10 

0*22 

0-05 

0-15 

0*30 

0-13 

0*29 

0-11 

0-18 

017 

0-11 

0*09 

0-05 

0-14 

0*24 

0-12 

013 

0-09 

0-90 

1*95 

0-76 

1*66 

0-48 

35  000 

to 

45  000 

(m 

<42 

146 

m 

21 

241 

0*81 

0-21 

0*57 

0*01 

0-01 

0*01 

019 

0-08 

013 

0*31 

0'08 

0*17 

0*36 

0-15 

0*12 

0*27 

o-io 

0*11 

1*98 

0-63 

1*13 

130  000 

145 

21J 

0*56 

0*02 

017 

0*23 

017 

012 

1*28 

100 

292 

7  500 

9  000 

0-06 

017 

14-6 

10 ‘2 

10 

m 

29 

20 

1-29 

3*90 

0-19 

0*38 

0-13 

019 

0-01 

0*01 

0-63 

1*61 

0-04 

017 

0-09 

1*15 

0-03 

013 

0-16 

0*08 

0-03 

0*08 

0-99 

1*14 

0-02 

0*12 

4'10\ 

8*07/ 

0-32  \ 

0*89/ 

Highest 

Lowest 
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load  factor  of  the  whole  number  is  18*6  °/0  (20  %  in  1915),*  and 
the  average  works  cost  is  3'07d.  /kWh  (0*87d.  in  1915).  Data 
relating  to  some  50  stations  have  been  used  in  compiling  Table 
38.  As  would  be  expected,  the  larger  the  undertaking,  the 
lower  are  the  costs ;  and  the  higher  the  load  factor  for  any  given 
size  of  plant,  the  lower  are  the  costs.  Fuel  generally  accounts 
for  one-third  to  one-half  of  the  total  works  cost  in  England  ( cf . 
Tables  25,  26,  §  194).  In  such  countries  as  India,  fuel  generally 
costs  proportionately  more,  especially  where  it  has  to  be  carried 
into  the  hills;  labour  may  cost  somewhat  less,  but  supervision 
costs  more. 

270.  The  Sale  of  Electrical  Energy  by  Meter;  Flat  Rate. 

— The  only  method  of  ascertaining  the  value  of  the  supply,  and 
charging  for  it,  which  is  readily  understood  by  the  public,  is  that 
of  sale  by  meter  at  a  fixed  price  or  ‘  flat  rate  ’  for  each  and  every 
unit  consumed  ;  consequently  this  method  is  in  more  general  use 
than  any  other  system  of  charging.  It  has  the  disadvantage, 
from  the  central  station  point  of  view,  that  it  does  not  encourage 
the  most  profitable  type  of  consumer,  i.e.  the  consumer  who,  by 
using  energy  when  the  average  demand  is  small,  is  most  profit¬ 
able  to  the  central  station  (directly),  and  hence  of  greatest  benefit 
(indirectly)  to  the  consumers  as  a  whole.  The  supply  meter 
registers  on  its  dials  the  actual  number  of  units  supplied  ;  some¬ 
times  these  units  are  charged  for  at  a  flat  rate  of  (say)  2d.,  4d.,or 
6d  ;  sometimes  discounts  are  given  either  to  very  large  consumers 
or  to  all  who  pay  prompt  cash ;  again,  two  meters  are  sometimes 
installed,  one  for  registering  energy  used  for  lighting,  and  the 
other  for  registering  energy  used  for  other  purposes,  different 
rates  being  charged  in  the  two  cases  (§  275,  A  and  B).  The 
technical  features  of  various  types  of  supply  meters  are  discussed 
in  §§  113-117,  and  the  correct  method  of  reading  meter  dials  is 
explained  in  §  113.  Meter  testing  is  dealt  with  in  Chapter  40. 
Most  supply  companies  arrange  to  test  meters  specially  on  con¬ 
sumer’s  request,  the  cost  of  the  test  being  borne  by  the  consumer 
if  the  meter  proves  to  be  accurate  within  the  limits  laid  down  by 
law,  i.e.  if  the  error  does  not  exceed  ±  3  %  between  ^  full  load 

*  The  lower  average  load  factor  in  1922  compared  with  1915  is  probably  due  to 
some  of  the  generating  plant  installed  for  war  service  being  lightly  loaded  during 
the  post-war  industrial  depression;  the  kWh /annum  increased  greatly  during 
the  war  (§  197)  and  the  load  factor  will  rise  as  industrial  conditions  improve. 
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and  full  load  and  under  normal  supply  conditions  in  meters  of 
less  than  3  A  capacity,  or  ±  2  °/Q  in  larger  meters. 

271.  Minimum  Quarterly  Charge.— The  Electric  Lighting 
Orders  granted  by  the  Board  of  Trade  since  1890  generally  pro¬ 
vided  for  a  minimum  quarterly  charge  to  consumers,  for  any 
amount  up  to  20  kWh,  of  twenty  times  the  authorised  maximum 
price  per  unit.  The  intention  of  this  provision  was  to  ensure  to 
undertakers  a  reasonable  return  from  each  consumer  in  respect  of 
the  capital  expenditure  incurred  to  enable  the  desired  supply  to 
he  available  at  all  times  to  all  consumers.  In  the  case  of  large 
undertakings  supplying  industrial  districts,  lighting  consumers 
now  represent  so  small  a  fraction  of  the  total  load  that  it  is  gener¬ 
ally  possible  to  supply  them  without  insisting  upon  payment  of  a 
minimum  quarterly  charge.  It  should  be  borne  in  mind,  however, 
that  every  consumer  may  justly  be  expected  to  yield  a  fair  return 
upon  the  capital  expenditure  involved  in  rendering  supply  avail¬ 
able  to  him,  and  that  this  capital  expenditure  has  increased 
(actually,  though  not  relatively ;  Table  25,  §  194),  due  to  the 
general  rise  in  costs,  whereas  the  use  of  high  efficiency  incan¬ 
descent  lamps  and  the  operation  of  the  Summer  Time  Act 
(Chapter  25)  have  reduced  greatly  the  energy  consumption  of  the 
average  lighting  installation.  These  factors  bear  particularly 
heavily  upon  the  smaller  electricity  undertakings,  which  mainly 
supply  a  lighting  load  and  operate  at  low  load  factor,  and  in  such 
cases  it  is  economically  essential  to  impose  a  minimum  quarterly 
charge  or  to  secure  by  other  means  a  reasonable  return  for  the 
facilities  provided. 

Domestic  and  shop-lighting  consumers  are  the  ones  principally  affected  by 
minimum-charge  regulations  and  that  mainly  during  the  summer  months.  In 
typical  cases,  the  occupiers  of  small  houses  and  flats  with,  say,  400  W  of  lamps 
installed,  consume  about  30  kWh  during  the  3  months  April  1  to  June  30  with 
Summer  Time  in  operation.  Circumstances  vary,  but  in  few,  if  any,  cases  would 
the  revenue  from  the  sale  of  30  kWh  cover  the  legitimate  standing  charges  on  a 
400  W  installation  in  addition  to  the  actual  cost  of  the  energy  consumed,  even 
when  the  price  per  unit  is  50  0/o  above  the  pre-war  figure.  To  allow  for  this,  the 
Electricity  Commissioners  recommend  that  a  minimum  quarterly  charge  be  allowed 
on  the  following  basis  : — 

(a)  In  respect  of  each  of  the  two  winter  quarters,  for  any  amount  up  to  15  units, 
fifteen  times  the  authorised  maximum  price  per  unit ; 

( b )  In  respect  of  each  of  the  two  summer  quarters,  for  any  amount  up  to  10 
units,  ten  times  the  authorised  maximum  price  per  unit. 

272.  Tariffs  Based  on  Maximum  Demand. — (a)  Fixed 
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Price  per  Kilowatt . — The  considerations  discussed  in  §§  259,  270 
have  led  to  the  introduction  of  various  tariffs  based  entirely 
or  mainly  on  the  maximum  demand  of  each  consumer,  with  the 
twofold  object  of  increasing  the  profits  of  the  undertaking  and 
diminishing  the  price  per  unit  paid  by  the  consumer.  These  two 
apparently  inconsistent  aims  can  only  be  reconciled  when  the  re¬ 
sult  of  such  a  tariff  is  both  to  enhance  the  output  and  improve 
the  load  factor  of  the  station ;  the  latter  consideration  involves 
the  encouragement  of  the  use  of  power  for  fans,  motors,  heating, 
etc.,  during  hours  when  lights  are  not  required. 

Whereas  lighting  was  the  main,  if  not  the  only  duty  of  the 
early  central  stations,  and  industrial  power  has  become  the  prin¬ 
cipal  factor  during  recent  years,  it  is  now  realised  that  domestic 
applications  (other  than  lighting)  are  capable  of  being  developed 
so  as  to  constitute  the  greatest  load  on  the  station,  as  well  as  the 
most  desirable  from  the  standpoint  of  high  average  load  factor ; 
(see  El.  Rev.,  Vol.  86,  p.  675). 

A  special  indicator  is  used  to  record  the  maximum  demand 
(§  117).  A  warning  device  or  'current  limiter'  is  sometimes 
added,  which  rings  either  a  bell  or  a  buzzer  when  a  predetermined 
maximum  is  reached,  or,  alternatively,  interrupts  the  supply  at 
intervals  of  a  second  or  so. 

The  simplest  tariff  based  on  maximum  demand  is  that  which 
makes  a  fixed  charge  per  kW  of  maximum  demand,  regardless  of 
the  consumption  in  kWh  and  of  the  purposes  to  which  the  current 
is  applied.  This  charge  may  be  so  much  per  annum  per  kW, 
this  being  a  common  basis  of  charging  where  industrial  loads  are 
supplied  from  hydro-electric  stations  or  from  overland  power 
transmission  systems.  Alternatively,  it  may  be  per  quarter,  per 
month,  or  per  week  in  the  case  of  small  power  users  and  for 
domestic  supply.  In  the  latter  case  the  charge  frequently  takes 
the  form  of  a  fixed  weekly  payment  per  lamp  of  specified  type 
and  candle-power  (§  275,  E).  Obviously  this  is  simply  a  fixed 
charge  per  week  per  kW  of  maximum  demand,  though  it  is 
referred  to  a  basis  more  easily  understood  by,  and  hence  more 
appealing  to,  the  class  of  consumer  to  whom  it  applies,  viz. 
artisans,  tenement  dwellers,  and  so  on.  So  far  as  the  authors  are 
aware,  this  is  the  only  form  in  which  the  ‘  fixed  charge  per  kW ' 
tariff  is  applied  in  Great  Britain,  but  this  form  of  tariff*  is  used 
considerably  abroad  in  connection  with  heavy  power  supply  from 
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hydro-electric  stations.  In  the  latter  case,  the  load  factor  of  the 
industry  concerned  is  known,  or  can  be  determined  with  reason¬ 
able  accuracy,  so  that,  in  making  a  fixed  charge  per  month  per 
kW,  the  supply  engineer  is  really  making  simply  a  lump  charge 
for  a  certain  number  of  units  at  a  price  per  unit  which  he  con¬ 
siders  profitable.  In  street  lighting  contracts  a  fixed  charge  per 
lamp  per  annum  is  frequently  agreed  upon,  but  the  total  annual 
consumption  is  then  known  within  very  close  limits,  and  the  re¬ 
marks  in  the  previous  sentence  apply  with  particular  force.  In 
domestic  supply,  however,  the  load  factor  is  a  much  more  variable 
factor,  and  there  is  considerably  greater  risk  of  current  being  used 
recklessly.  The  use  of  a  ‘  current  limiter,’  cutting  off  supply  or 
actuating  a  trembling  contact  in  the  event  of  the  demand  exceed¬ 
ing  a  predetermined  maximum,  prevents  more  lights  being  used  at 
once  than  are  contracted  for  by  the  consumer’s  payment.  On  the 
other  hand,  the  cost  of  a  limiter  is  at  least  comparable  with  that 
of  a  meter.  As  regards  preventing  lamps  being  kept  alight 
needlessly,  this  can  be  done  more  or  less  satisfactorily  by  making 
the  consumer  pay  for  lamp  renewals  and  by  refusing  to  renew 
contracts  in  the  case  of  flagrant  offenders.  The  longevity  and 
cheapness  of  modern  filament  lamps  makes  the  £  pay-for-renewals  ’ 
arrangement  less  effective  than  formerly  as  a  safeguard  against 
current  wastage. 

In  St.  Marylebone  (London),  where  the  *  fixed  charge  per  lamp  ’  principle  is 
applied  in  artisans’  dwellings,  the  charge  is  calculated  in  the  case  of  kitchens  and 
living-rooms  so  that  if  the  consumer  used  his  lamps  day  and  night  the  price  ob¬ 
tained  per  unit  would  be  from  0*7d.  to  l*2d.  The  actual  price  is  7d.  per  week  per 
60  W  (or  fid.  per  30  W)  tungsten  lamp  for  living-rooms  ;  and  4d.  per  week  per 
30  W  (3d.  per  20  W)  metal  filament  lamp,  or  2d.  per  week  per  8  c.p.  carbon  fila¬ 
ment  lamp  for  bedrooms.  If  the  living-room  lamp  be  used  5  hrs.  a  night,  this 
charge  corresponds  to  about  3*4d.  per  kWh  in  the  case  of  60  W  lamps,  and  5*7d. 
per  kWh  if  a  30  W  lamp  be  used.  It  should  be  noticed  that  the  fixed  charge 
covers  lamp  renewals,  and  a  sum  calculated  to  write  off  within  a  reasonable  period 
the  capital  spent  on  wiring. 

(6)  Standing  Charge  plus  Low-unit  Charge. — A  more 
effective  method  of  preventing  waste,  and  certainly  a  more  rational 
tariff,  consists  in  charging  a  fixed  annual  sum  per  kW  of  maximum 
demand,  plus  a  small  additional  charge  per  kWh  actually  con¬ 
sumed,  as  registered  by  meter,  but  still  regardless  of  the  purpose 
to  which  the  current  is  applied.  This  method  of  charging,  which 
is  practically  the  'telephone’  system  mentioned  in  §  273,  involves 
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providing  a  meter,  which  it  is  the  chief  object  of  the  previous 
tariff  to  avoid  in  the  case  of  very  small  consumers.  The  present 
tariff  encourages  the  long-hour  consumer,  for  every  additional 
unit  used  adds  little  to  the  bill,  and  reduces  the  average  price  per 
kWh  Suppose,  for  instance,  a  purely  lighting  installation,  with 
a  maximum  demand  of  2  kW,  to  be  working  under  this  tariff; 
the  owner  could  introduce  a  motor  or  other  apparatus,  also  taking 
2  kW,  and  so  long  as  it  was  not  used  during  lighting  hours,  his 
fixed  annual  charge  would  be  unaltered,  the  maximum  demand 
remaining  at  2  kW.  He  would  only  have  to  pay  for  the  addi¬ 
tional  units  used  by  the  motor  at  the  low  rate  of  charge  presup¬ 
posed  (§  275  D). 

The  fixed  or  standing  expense  incurred  by  keeping  the  supply  system  ready 
for  service,  includes  the  interest  and  redemption  charges  on  the  capital  invest¬ 
ment,  rents,  rates,  insurance,  etc.,  and  a  proportion  of  the  wages  and  coal  bills. 
Hitherto,  where  maximum  demand  tariffs  have  been  used,  it  has  been  customary 
to  recoup  the  standing  expenses  by  a  fixed  charge  per  kW  of  maximum  demand, 
but  it  has  been  shown  by  J.  B.  Blaikie  (Jour.  I.E.E. ,  Vol.,  59,  p.  701)  that  there 
is  much  to  be  said  in  favour  of  different  fixed  charges  for  industrial  and  residential 
consumers.  Large  factory  loads,  demanding  supply  during  well-defined  hours 
6  days  a  week,  involve  much  lower  capital  charges  per  kW  and  considerably 
lower  coal  and  wages  costs  (apart  from  the  saving  due  to  higher  load  factor)  than 
do  small  residential  demands  which  may  require  supply  at  any  time,  throughout 
the  week  (see,  however,  the  note  in  §  271  regarding  the  favourable  effect  of  whole¬ 
sale  utili-atiou  of  electricity  for  domestic  purposes).  Proposals  for  tariffs  dis¬ 
criminating  between  consumers  requiring  supply  for  7  days  a  week  and  those 
requiring  supply  for  6  days  a  week  are  given  in  the  paper  loc.  cit. 

Wright's  System . — In  this  older  system  of  charging,  the  con¬ 
sumer  pays  a  high  price  per  unit  metered  until  his  consumption 
corresponds  to  1  (or  2)hrs.5  daily  use  of  his  maximum,  demand 
during  the  period  for  which  the  account  is  rendered ;  this  charge 
is  equivalent  to  the  fixed  charge  in  the  preceding  paragraph ;  for 
all  units  used  over  this  amount  he  pays  at  a  low  rate.  For 
example,  if  the  maximum  demand  recorded  by  the  indicator 
(§  117)  is  2  kW,  then  an  average  of  2  units  a  day  (i.e.  180  kWh 
per  quarter  of  90  days),  equal  to  1  hrs.’  use  per  diem  of  the 
maximum  demand,  must  be  paid  for  at  the  high  rate.  If  the 
actual  consumption  as  shown  on  the  meter  averages  5  units  a  day 
during  the  period  in  question,  the  balance,  or  3  units  a  day,  will 
be  paid  for  at  the  low  rate. 

Restricted  Hour  Tariffs . — Methods  of  charging  which  depend 
on  the  time  at  which  the  maximum  demand  occurs  have  also  been 
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tried,  with  a  view  to  improving  the  diversity  factor  of  the  power 
station.  In  this  case  two-rate  meters  (§  116  (ii))  are  used,  in 
which  a  clock  or  time  switch  regulates  the  hours  at  which  each 
tariff  is  operative.  In  many  places  the  introduction  of  a  two-rate 
tariff  has  led  to  important  increases  in  demand  during  off-peak 
periods. 

273.  Rateable  Value ;  Glasgow,  Metropolitan,  Telephone, 
.  and  Point-five  Tariffs. — A  detailed  discussion  of  all  the  chief 
types  of  residence  tariffs,  i.e.  charges  for  electricity  supplied  for 
domestic  purposes,  is  to  be  found  in  a  paper  delivered  some  years 
ago  by  Mr.  A.  H.  Seabrook  (Jour.  I.E.E.,  Vol.  48,  pp.  376  et  seq.). 
That  author  laid  stress  upon  the  fact  that  the  Hopkinson  principle 
(of  making  distinct  charges  for  M.D.  and  kWh  consumed,  to  cover 
standing  and  running  costs  respectively)  is  the  only  scientifically 
correct  basis  of  charge,  though  it  is  by  no  means  universally  ap¬ 
plied,  owing  to  the  difficulty  of  framing  a  simple  tariff  thereon. 
Mention  has  already  been  made  (§  272)  of  the  fixed  charge  per 
kW  or  ‘  contract  demand  ’  tariff  and  of  the  Wright  maximum 
demand  system.  Other  tariffs  based  on  the  Hopkinson  principle 
and  finding  more  or  less  extensive  application  in  Great  Britain  are 
the  rateable  value  tariff,  the  Glasgow  system,  the  Metropolitan 
system,  and  the  telephone  system. 

The  rateable  value  tariff  consists  of  a  fixed  annual  payment 
(based  upon  the  rateable  value  of  the  consumer’s  premises)  supple¬ 
mented  by  a  low  charge  per  kWh  of  metered  consumption.  This 
system  of  charging  is  generally  known  as  the  Norwich  system 
from  the  town  of  its  origin.  Consumers  in  private  houses,  may, 
for  example,  have  the  option  of  paying  a  fiat  rate  of  4£d.  per  kWh 
for  all  purposes,  or,  alternatively,  of  paying  12  %  on  the  rateable 
value  of  the  premises,  plus  Id.  per  unit ;  in  the  case  of  business 
houses  the  fixed  charge  is  based  on  the  lamps  installed,  and  may 
be,  say,  5s.  to  7s*  6d  per  lamp  per  annum. 

According  to  The  Practical  Electrician's  Pocket  Book ,  the 
average  annual  consumption  of  consumers  taking  domestic  supply 
under  rateable  value  tariffs  in  1922  is  given  in  the  table  on  p.  378. 

Though  the  rateable  value  tariff  may  be  held  to  have  justified 
itself  in  practice,  it  is  obviously  an  empirical  tariff ;  there  is  no 
definite  relation  between  the  rateable  value  of  premises  and  the 
maximum  demand  of  the  electricity  consumer  occupying  those 
premises.  The  percentage  of  the  rateable  value  taken  as  the  fixed 
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Town. 


Blackpool 
Bradford  . 
Carlisle  . 
Chester  . 
Derby 
Dewsbury 
Halifax  . 
Harrogate 
Reigh 
Liverpool 


kWh  per 
£1  R.V. 

Town. 

kWh  per 
£1  R.  V. 

35 

Sheffield .... 

43 

42 

Stafford  .... 

15-6 

45 

Sutton  Coldfield  . 

21 

64 

Uxbridge 

28 

30 

Watford  .... 

38 

23 

West  Hartlepool  . 

48*6 

26 

Winchester  . 

50-2 

46 

Wolverhampton 

57*2 

65 

Wrexham 

26 

34 

charge  differs  from  town  to  town  (see  also  §  275,  F).  The  follow¬ 
ing  are  a  few  cogent  arguments  from  an  article  discussing  the 
characteristics  of  the  rateable  value  tariff*: — 


The  most  tempting  feature  of  the  rateable  value  tariff,  from  the  central  station 
point  of  view,  is  its  simplicity.  The  fundamental  assumption  is  that  rateable 
value  is  a  reasonably  accurate  measure  of  the  electricity-consuming  capacity  of 
private  premises,  and  the  fundamental  weakness  of  the  system  is  that  it  is  not 
necessarily  or  even  generally  anything  of  the  kind.  Houses  of  similar  size  and 
quality  shelter  families  of  very  different  sizes  and  habits,  so  that  rateable  value 
boars  neither  theoretical  nor  actual  relationship  to  the  current  consumption  of 
a  household.  In  some  cases  the  percentage  charge  on  rateable  value  is  increased, 
and  in  other  cases  decreased,  as  the  rateable  assessment  increases.  In  any  event, 
if  a  different  percentage  of  R.V.  is  to  be  charged  in  the  case  of  different-sized 
houses  (as  seems  desirable),  and  if  allowance  is  to  be  made  for  the  effect  of  specially 
large  or  small  gardens  on  rateable  value  (as  seems  essential),  the  R.V.  tariff  at  once 
loses  its  merits  of  simplicity  and  power  of  being  easily  understood  by  the  layman. 
The  method  generally  employed  (at  the  time  of  initiating  the  new  tariff)  in  deter¬ 
mining  the  percentage  of  rateable  value  to  be  taken  as  the  fixed  charge,  is  to  analyse 
previous  accounts,  and  see  what  percentage  of  rateable  value  will,  in  conjunction 
with,  say,  ^d.  per  unit,  give  bhe  same  revenue  from  lighting  as  the  previous  flat 
rate  (say,  4d.  a  unit).  This  amounts  to  securing  the  station’s  revenue  and  supply¬ 
ing  all  additional  units  at  £d.  It  is  a  simple,  if  tedious,  method  of  arriving  at  a 
suitable  average  percentage  on  rateable  value,  but  there  is  nothing  to  secure  (1) 
that  this  percentage  will  not  be  far  wide  of  the  mark  in  individual  cases  ;  and  (2) 
that  the  percentage  decided  by  reference  to  previous  accounts  will  be  at  all  suit¬ 
able  under  the  new  conditions  which  it  is  desired  to  bring  about  by  the  new 
tariff.  Generally  the  percentage  charge  is  10,  12J,  or  15  °/0  on  rateable  value, 
but  it  makes  a  considerable  difference  to  consumers,  and  so,  ultimately,  to  the 
station’s  prospects,  which  percentage  is  adopted.  The  average  price  per  kWh 
fluctuates  enormously  with  rateable  value  and  with  total  consumption  per  annum, 
wherever  the  rateable  value  tariff  is  applied  ;  this  cannot  be  fair  to  either  supply 
authority  or  consumer.  Perhaps  the  most  disturbing  feature  is  the  considerable 
difference  in  average  price  per  unit  paid  by  consumers  taking  the  same  amount  of 
energy,  hut  using  it  in  houses  of  different  rateable  value.  Nor  can  this  discrepancy 
be  justified  by  attributing  it  to  differences  in  load  factor,  for  sometimes  the  differ¬ 
ence  is  in  one  direction  and  sometimes  in  the  other.  District,  size  of  garden,  and 
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assessor's  whim  are  a  few  of  the  factors  determining  the  rateable  value.  Number 
and  position  of  windows,  nature  of  surroundings,  number  and  habits  of  household 
are  factors  influencing  the  consumption  of  electricity  for  lighting  and  other 
domestic  purposes.  Where  is  the  connecting  link  between  these  groups  of  factors  ? 
On  the  average  for  a  whole  district  the  rateable  value  tariff  may  be  equitable,  and 
in  most  cases  where  it  is  working  it  is  equitable  as  between  supply  authorities 
and  consumers  as  a  body ;  but  is  this  altogether  unconnected  with  the  fact  that 
the  tariff  has  only  been  in  vogue  a  few  years,  and  that  when  it  was  put  into  force 
it  was  deliberately  arranged  to  give  what  might  be  called  ‘  average  equity  *  ?  In 
other  words,  is  not  the  tariff  very  largely  artificial — with  just  that  basis  of  reason 
sufficient  to  make  it  plausible  and  workable  for  the  nonce  ?  The  rateable  value 
tariff  must  already  be  responsible  for  grave  anomalies  between  the  current  con¬ 
sumption  and  bills  of  individual  consumers,  and  such  anomalies  cannot  be  good  for 
the  development  of  the  industry  as  a  whole.  The  maximum  demand  system  in  a 
modified  form  is,  in  the  writer’s  opinion,  the  best  and  fairest  possible.  Every 
consumer  is  entitled  to  special  consideration  of  his  case,  for,  after  all,  it  is  to  meet 
the  electrical  engineer’s  difficulties  and  limitations  that  any  departure  at  all  from 
the  flat  rate  is  required.  It  is,  at  this  date,  quite  easy  to  estimate  what  will  be  the 
average  maximum  demand  for  any  proposed  equipment,  and  so  to  determine  a 
fixed  charge  which  shall  be  fairer  to  the  consumer  than  the  R.V.  charge  can  be, 
whilst  being,  for  the  district  as  a  whole,  equally  satisfactory  to  the  station  (El. 
Rev.,  Yol.  77,  pp.  443  et  seq.). 


The  Glasgow  system  charges  a  fixed  number  of  hours’  use  of 
the  M.D.  at  a  primary  rate,  and  all  further  consumption  at  a  lower 
secondary  rate.  When  the  system  was  first  enforced  in  Glasgow, 
it  was  found  that  the  average  domestic  consumer  used  his  lighting 
M.D.  for  800  hrs.  per  annum,  so  the  tariff  charged  800  hrs.’  use  of 
the  M.D.  at  3d.  per  kWh,  and  all  additional  units  at  Id.  The 
system  is  only  a  slight  modification  of  the  Wright  system  (§  272), 
and,  like  the  latter,  it  overcharges  the  consumer  for  any  heating 
and  cooking  consumption  unless  the  latter  be  metered  separately. 

The  Metropolitan  system  consists  of  a  fixed  primary  charge 
(based  on  the  kW  capacity  and  nature  of  lighting  and  other 
apparatus  installed)  plus  a  certain  charge  per  kWh  till  the 
amount  of  this  charge  equals  the  primary  charge.  Thereafter  all 
units  are  supplied  at  a  lower  price.  For  example,  the  fixed 
primary  charge  may  be  £5  per  annum,  the  first  energy  charge  2d. 
and  the  second  Id.  per  kWh.  Then  the  consumer’s  minimum  hill 
is  £5 ;  if  he  uses  600  kWh  per  annum  he  pays  a  further  £5 
for  them,  i.e.  a  total  of  4d.  per  kWh  on  the  average ;  there¬ 
after  he  obtains  additional  units  at  Id.  Under  these  conditions 
the  average  price  is  :  8d  /  kWh  for  200  kWh  per  annum,  4d.  for 
600  kWh,  2*8(1  for  1  000  kWh,  1*9  for  2  000  kWh  per  annum,  and 
so  on.  This  system  of  charging  does  away  with  double  metering 
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and  double  wiring.  The  chief  object  of  the  two  rates  of  charging 
for  energy  seems  to  be  that  consumers  using  only  small  domestic 
appliances  pay  for  all  current  at  the  lighting  rate,  whereas  if 
they  install  heaters  or  cookers  they  get  on  to  the  lower  energy  rate, 
to  which  they  are  entitled. 

The  telephone  system  was  so  named  because  it  consists  (like 
the  telephone  charges  formerly  in  force  in  this  country)  of  a  fixed 
annual  payment  in  advance,  plus  a  small  unit  charge  for  service 
actually  utilised,  i.e.  per  kWh  consumed.  The  fixed  charge  is 
based  on  a  certain  percentage,  say,  70  °/0  of  the  connected  lighting 
load,  not  counting  convenience  or  decorative  lighting,  and  not 
counting  wattage  installed  for  other  than  lighting  purposes.  The 
secondary  charge  is  low,  say  Id.  or  14d.  per  kWh.  The  standing 
charges  are  based  solely  on  the  lighting  installation,  and  it  is  in¬ 
sisted  that  only  electric  lighting  be  used  on  the  premises.  By 
exempting  ‘  convenience  ’  lamps  from  standing  charges,  the  in¬ 
stallation  of  such  lamps  is  not  checked.  The  system  encourages 
liberal  and  long-hour  consumption  of  energy,  is  easy  to  under¬ 
stand,  and  needs  only  a  single  meter,  whilst  being  applicable  to 
all  classes  of  domestic  supply.  The  advantages  and  working  of 
the  system  are  dealt  with  fully  in  Mr.  Seabrook’s  paper  (loc.  cit). 

Point-Jive  tariffs  have  as  their  object  the  encouragement  of 
electric  heating  and  cooking.  As  matters  stand  at  present,  any 
system  of  charging  can  claim  to  be  a  point-five  tariff,  so  long  as 
it  provides  additional  units  for  heating  and  cooking  at  0*5d.  per 
kWh.  This  charge  may  be,  and  generally  is,  supplemented  by  a 
fixed  charge  or  minimum  payment  in  some  form  or  other,  so  that 
the  average  price  per  kWh  is  generally  considerably  higher  than 
0'5d  ;  but,  as  explained  in  Chapter  26,  the  important  point  is  that 
the  charge  which  varies  with  the  use  of  the  apparatus,  i.e.  the 
energy  charge  for  ‘  additional  ’  units,  be  low,  so  as  to  encourage 
liberal  consumption  and  make  the  wastage  of  a  few  units  of 
negligible  importance  to  the  consumer ;  the  central  station  can 
afford  to  supply  them  at  low  price,  once  the  standing  charges 
have  been  covered. 

274.  Tariffs  taking  Power  Factor  into  Account.  —  The 

ill-effects  of  low-power  factor  in  A  C.  circuits  have  been  discussed 
in  §  155.  As  these  effects  increase  the  costs  of  producing  and 
distributing  a  given  quantity  of  energy  (kWh  as  distinct  from 
kVAh,  §  154),  it  is  justifiable  to  impose  upon  the  consumer  a 
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supplementary  charge  if  the  power  factor  of  his  load  is  lower 
than  unity,  the  amount  of  this  charge  being  greater,  the  lower 
the  power  factor.  The  primary  function  of  any  such  charge  is 
naturally  to  penalise  low-power  factor  and  so  give  the  consumer 
a  monetary  inducement  to  avoid  it.  It  is  not  in  the  interests  of 
the  supplier  to  sell  'wattless  energy,’  which  is  useless,  but  to 
stimulate  consumers  to  improve  the  power  factors  of  their  loads. 
If  leading  wattless  energy  is  beneficial  to  the  P.F.  of  the  system 
as  a  whole  it  may  be  supplied  gratis  (or  even  with  a  bonus),  but, 
under  the  ideal  conditions  of  unity  power  factor,  leading  wattless 
energy  is  as  objectionable  an  addition  as  lagging  current  (§  153). 

Any  tariff*  taking  into  account  the  P.F.  of  the  load  in¬ 
volves  either  assuming  an  average  value  for  the  power  factor  (to 
which  assumption  the  consumer  may  reasonably  object) ;  or  the 
measurement  of  the  power  factor  either  directly  (§  111)  or  in¬ 
directly  by  the  use  of  watt-hour  and  voltampere-hour  meters 
(§§  115,  116).  In  the  case  of  large  installations  the  cost  of  two  or 
three  metering  instruments  can  be  afforded,  but  this  is  not  so 
where  small  consumers  are  concerned,  and  these  are  often  the 
worst  offenders  in  respect  of  low-power  factor. 

One  method  of  penalising  low-power  factor  is  to  charge  for  the  true  energy 
(kWh)  metered  according  to  a  sliding  scale,  the  price  per  kWh  increasing  as  the 
P.F.  decreases.  This  method  demands  that  the  supplier  should  know  the  cost 
per  kWh  delivered  at  various  power  factors  (which  varies  with  the  location  of  the 
consumer  because  of  the  transmission  losses  occasioned  by  low  P.F.,  §  155) ;  also, 
the  method  depends  upon  the  consumer  accepting  the  estimated  value  of  his 
power  factor,  since  the  actual  P.F.  generally  varies  widely  and  continuously,  as 
can  be  seen  from  the  chart  of  a  recording  P.F.  meter. 

A  better  method  of  taking  power  factor  into  account  consists  in  making  a 
fixed  charge  per  kVA  of  maximum  demand  (instead  ot  per  kW,  §  272  b)  plus  a 
unit  charge  per  kWh  consumed.  If  the  supply  voltage  be  constant,  the  maximum 
kVA  can  he  measured  by  a  maximum  current  indicator  calibrated  in  kVA,  i.e .  by 
an  ampere-hour  meter  (§  114)  fitted  with  a  maximum  increment  indicator  on  the 
principle  of  the  Merz  demand  indicator  (§  117).  Unfortunately,  variation  in  P.F. 
generally  involves  appreciable  variation  in  delivered  voltage  (§  155),  and  it  is  then 
necessary  to  determine  the  maximum  kVA  from  the  maximum  kW  by  dividing 
the  latter  by  the  power  factor.  This  involves  a  third  measuring  instrument  (in 
addition  to  the  maximum  kW  and  kWh  meters),  which  must  be  either  a  recording 
P.F.  meter  or  a  wattless  kVA  (or  sine)  meter,  §§  110,  116  (iv).  In  the  latter  case 
the  quotient  (wattless  kVA)  /  kWh  gives  tan  <f>,  whence  cos  <p  is  obtained  by  refer¬ 
ence  to  tables.  In  its  more  accurate  form  this  method  of  charging  is  fairly  com¬ 
plex  and,  even  then,  it  allows  only  for  the  increase  in  fixed  costs  occasioned  by 
low-power  factor,  and  not  for  the  increase  in  running  or  working  costs.  Though 
the  increase  in  standing  charges  is  the  main  factor,  the  other  is  not  negligible 
(§  155). 
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IVefm^or  A  rim  (Milan)  ha*  a  !  jn*«  ial  meter,  the  r*  inline  *4  whe-h  i  * 

tlelermine«{  by  two  thirds  of  the  kWh  coimumpt -inn  and  #uj«  fintd  ##f  tbe  kVAh 
eotimimptum.  The  eon-mmer  m  «hM.r$<etl  at#  irinch  |t>  r  o>mp‘*of*  ■  uml  5  a -i  Uuw 
recorded,  lienee  the  actual  charge*  per  kWh  inereu  ?»♦*..  nn  lh»*  kY  A  mn  in  |»t  *11 
rises  ( i.tj .  an  th«  |\K.  dfcnut:  r i.j.  Tlmngh  roi  enable  jii’<tjfh-utk*ii  im  thin  method 
uf  charging  nan  bn  deiimxotratcd  <*n  tli#*  m  n  •4aioH  .lv  'tu!hri«*nt;]y 

arbitrary  to  bo  open  to  question  by  »*# »i i  amo  r  .. 

Many  other  tariffs*  have  boon  « ii*visi-« I  for  taking  power  factor 
into  account*  but  thorn  an*  so  many  factor*  involved  that,  costly 
metering  equipment  and  elaborate  accountancy  are  required  to 
arrive  with  certainty  at  a  Hose  approximation  to  the  equitable 
charge.  For  most  practical  purp»scs,  if  the  consumer  will  con¬ 
sent,  to  the  arrangement  in  his  supply  contract,  it  sullieiently 
accurate  to  use  the  niaximnm  demand  system  i  £  272  M,  correcting 
the  indicated  maximum  <Iemami  according  to  the  formula: 
kW,  k\V,  x  l*  j  (t) ;  where  kW,.  eorrected  max,  demand  used 
to  calculate  the-  standing  charge,  at  so  much  pr  k  \V  ;  k\\\  * 
actual  max.  demand  as  indicated  by  the  demand  indicator; 
V  ’  assumed  Imsic  or  standard  power  factor,  m*v  t >  T,  O  H,  nr  OHn, 
according  to  circumstances  ;  and  (J  consumer's  load  factor  as 
measured  periodically,  at  the  undertaker*  discretion,  under  con¬ 
ditions  of  normal  load.  The  standing  charge  p*r  kW  thus  varies 
inversely  with  the  consumers  paver  factor  and  the  unit  charge 
per  kWh  is  tie*  same  for  all  (Haver  factor*.  If  a  fairly  low  value 
of  I*  (say  0 ‘8)  be  taken  as  tie*  basic  j lower  factor  Ithe  standing 
charge  j*er  kW  lining  adjusted  accordingly)  the  average  consumer 
will  be  able  to  maintain  a  j«  w  factor  higher  than  l\  tints 
securing  a  reduction  in  the  charge  pi*  k W  This  amounfs  to  offer¬ 
ing  a  hums  for  high-pnver  factor,  rather  than  impming  a  penalty 
for  low-p>wer  factor,  and  is  to  be  recommended  for  psychological 
reasons. 

275.  Actual  Tariffs  in  the  United  Kingdom;  Examples  of 
Charges.  ~Ii  would  serve  no  useful  purpme  to  attempt  anything 
like  a  complete  statement  of  the  great  variety  of  tariffs  actually 
in  force  in  this  country*  but  the  following  typical  examples  are 
interesting  and  instructive;-  - 

A"/<  .  The  priro*  given  Mow  are  prs*  madly  po  war  !»*«#»•  In  iimai 
tie*  rbargeft  are  n<*w  {I’U-b  at  bwU  flnV#  higher  miel  in  ft*.#m**  *A  the  mcit 

*  ’  The  improvement  <4  Kiw  tor/  by  Ooberl  J^ur, 

V>4.  tfl,  p,  Kt ;  and,  ter  Ameri«-«uj  pmUe  e,  X*iL  Hi,  t.ujhl  HuU.t  heps,,* 

vm,  pp. 
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tioned  the  tariff  system  itself  has  been  changed.  On  the  other  hand,  the  examples 
given  are  representative  of  the  principal  tariffs  used  in  Great  Britain,  and  the 
general  purpose  of  the  examples  is  better  served  by  retaining  the  old  prices,  which 
were  on  a  stable  basis,  than  by  inserting  prices  which  are  abnormal  and  unstable. 
In  most  places  the  charges  for  electricity  supply  have  fallen  greatly  from  the  war 
level,  and  it  is  not  too  much  to  hope  that  economies  resulting  from  the  broader 
policies  now  followed  in  generation  and  distribution,  will  compensate  for  higher 
coal  and  labour  costs,  thus  making  possible  tariffs  as  low  as  those  ruling  before 
the  war. 

Section  22  (1)  of  the  Electricity  (Supply)  Act,  1922,  repealed  Subsection  2  of 
Section  31  of  the  schedule  to  the  Electric  Lighting  (Clauses)  Act,  1899,  under 
which  a  consumer  had  hitherto  had  the  option  of  requiring  undertakers  to 
charge  him  for  the  actual  amount  of  energy  supplied  or  for  the  electrical 
quantity  contained  in  the  supply.  The  effect  of  this  repeal  was  to  remove  what 
had  been  an  obstacle  to  the  general  adoption  of  multi-part  tariffs,  and  thus  to 
permit  tariffs  to  be  introduced  suitable  for  the  varied  demands  on  an  undertaking 
and  for  encouraging  the  more  extensive  utilisation  of  electricity.  If,  however,  the 
consumer  and  the  undertakers  had  entered  into  an  agreement  as  to  a  special 
method  of  charge,  a  course  expressly  provided  for  by  the  Act  of  1899,  and  that 
agreement  was  for  a  definite  period  and  allowed  a  definite  length  of  notice  to  be 
given  before  either  party  could  terminate  it,  it  is  practically  certain  that  the  con¬ 
tract  would  have  been  held  good.  The  provision  for  termination  by  one  month’s 
notice  was  “  in  the  absence  of  an  agreement  to  the  contrary.”  The  point  is  of  im¬ 
portance  as  the  alteration  in  the  law  referred  to  holds  good  only  in  the  United 
Kingdom  and  not  in  overseas  countries  which  have  followed  British  law. 

A.  Flat  Bates  by  Meter  (§  270). 

(i)  St.  James  and  Pall  Mall  (London).  Heating,  ljd.  a  unit. 

(ii)  Winchester.  Lighting,  5fd.  a  unit. 

(iii)  Falkirk.  Lighting,  5d.  a  unit. 

(iv)  Prescot.  Lighting,  4d.  a  unit.  Power,  Id.  a  unit. 

(v)  Beading.  Heating  and  cooking,  jd.  a  unit,  where  current  is  also 

taken  for  lighting. 

(vi)  Burslem.  Cooking,  Id.  a  unit,  if  premises  lighted  throughout  electri¬ 

cally. 

(vii)  Manchester.  Lighting,  3|d.  a  unit.  Domestic  power,  l£d.  a  unit. 

B.  Meter  Bates  with  Discounts  (§  270). 

(viii)  St.  James  and  Pall  Mall  (London).  Lighting,  6d.  a  unit  first  4  000 
units  per  annum  ;  4d.  thereafter. 

(ix)  Chertsey.  Lighting,  6Jd.  a  unit.  Power,  2^d.  a  unit.  Less  Jd.  in 

each  case  for  cash. 

(x)  Malvern.  ‘  Lighting,  7d.  a  unit.  Power,  4d.  a  unit.  Less  5  °/G  in 

each  case  for  cash. 

(xi)  Reading.  Lighting :  up  to  20  units  a  quarter,  8d.  a  unit  (minimum 

charge  13s.  4d.) ;  for  next  480  units  up  to  500  units  a  quarter,  4Jd. 
a  unit ;  then,  up  to  1  000  units  a  quarter,  4d.  a  unit ;  then,  up  to 
2  000  units  a  quarter,  3Jd.  a  unit ;  and  further  reductions  for  greater 
quantities. 

(xii)  Burslem.  Power  and  heating  :  up  to  250  units  a  quarter,  2d.  a  unit; 

then  1  Jd.  a  unit  up  to  500  units ;  then  Id.  a  unit.  (Also  speoial 
bulk  rates.) 
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(xiii)  Manchester.  Power  :  less  than  200  units  per  quarter  per  measured 
E.H.P.,  ljd.  a  unit;  then  ljd.  up  to  299  units  per  E.H.P.  per 
quarter;  then  Id.  up  to  399  units  per  E.H.P.  per  quarter,  etc., 
finally  reaching  0*7d.  a  unit. 

(xiv)  Liverpool.  Lighting  :  up  to  3  000  units  a  quarter,  3Jd.  a  unit ;  then 

3d.  a  unit  up  to  10  000  units ;  then  2£d.  a  unit.  Power,  2d.,  ljd., 
and  Id.  a  unit  (within  same  range  as  lighting). 

C.  Maximum  Demand  (§  272). 

(xv)  Winchester.  Lighting,  7d.  a  unit  first  hour’s  use,  4d.  second  hour’s 

use,  2d.  afterwards.  Power,  3Jd.  first  hour,  ljd.  second  hour,  Jd. 
afterwards. 

(xvi)  Ealkirk.  Power,  2Jd.  a  unit  first  hour,  ljd.  afterwards. 

(xvii)  Burslem.  Lighting,  7d.  a  unit  for  91  hrs.’  use  of  M.D.  per  quarter, 
and  2d.  a  unit  afterwards,  the  average  not  exceeding  5d,  a  unit. 
(Alternative,  5d.  flat  rate.) 

D.  Fixed  Charge  per  H.P.  or  kW  +  Charge  by  Meter  (§  272). 

(xviii)  St.  James  and  Pall  Mall  (London).  Power,  7s.  6d.  per  rated  H.P.  per 
quarter,  plus  Id.  a  unit. 

(xix)  Dartford.  Lighting,  £12  per  kW  for  first  kW  demand;  £9  per  kW 

for  higher  demand,  plus  Id.  a  unit. 

(xx)  Ealkirk.  Power  (above  20  H.P.  installed),  £2  10s.  per  H.P.  maximum 

demand,  plus  f  d.  a  unit ;  less  10  %  on  f  d.  rate  for  each  100  000 
units  taken  per  annum. 

(xxi)  Heading.  Power  :  exceeding  3  kW  at  400  V  continuous  current,  £1 

a  quarter  per  kW,  plus  |d.  a  unit  up  to  10  000  units  a  quarter, 
and  Jd.  a  unit  beyond ;  not  exceeding  3  kW,  13s.  4d.  a  quarter 
minimum  charge,  plus  l^d.  a  unit  for  consumption  in  excess  of 
20  units. 

(xxii)  Manchester.  Lighting,  £7  per  annum  per  kW  M.D.,  plus  ljd.  a  unit. 
Power,  if  over  600  units  per  E.H.P.  per  quarter,  £1  5s.  per  E.H.P. 
demand  per  quarter,  plus  *d.  a  unit. 

(xxiii)  Liverpool.  Lighting,  £2  per  quarter  per  kW  M.D.,  plus  ljd.  a  unit. 
Power,  £1  10s.  per  quarter  per  kW  M.D.,  plus  0*4d.  a  unit. 

E.  Fixed  Charge  per  Lamp  (§  272). 

(xxiv)  Carmarthen.  Cottage  lighting,  4d.  a  week  per  30  W  lamp. 

(xxv)  Dunster.  50  c.-p.  lamp,  3s.  6d. ;  25  c.-p.,  2s.  6d. ;  16c.-p.,  Is.  lOd.  a 
quarter. 

F.  Rateable  Value  System  (§  273). 

(xxvi)  Winchester.  Lighting,  3s.  per  £1  rateable  value,  plus  Id.  a  unit, 
(xxvii)  Carlisle.  Domestic  tariff,  12J  %  on  rateable  value,  plus  Jd.  a  unit, 
(xxviii)  Manchester.  Domestic  power,  12J>°/0  on  rateable  value,  plus  Jd.  a 
unit  for  all  purposes  ;  provided  that  domestic  appliances  other  than 
lamps  be  installed  to  the  extent  of  2  kW  in  houses  of  rateable  value 
not  exceeding  £30  ;  3  kW,  not  exceeding  £50  ;  4  kW,  exceeding  £50 
rateable  value. 

(xxix)  Liverpool.  3 J  °/0  per  quarter  (2J  °/Q  for  private  houses  only)  on  rate¬ 
able  value,  plus  Id.  a  unit  for  all  purposes. 
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G.  Flat  Rate  subject  to  Specified  Minimum  Load  Factor. 

(xxx)  Brompton  and  Kensington  E.S.  Go.  (London).  Motors  exceeding 
4  H.P.,  Id.  a  unit,  subject  to  minimum  load  factor  of  11*41  °/0. 
Sign  lighting,  2d.  a  unit,  subject  to  minimum  load  factor  of  20  % 
and  3  years’  contract. 

H.  Restricted  Hour  Rates  (§  272). 

(xxxi)  Dewsbury.  Power,  $d.,  §d.,  T°ffd.,  or  ^d.  a  unit,  according  to  quantity, 
plus  rental  for  time  switch. 

(xxxii)  Manchester.  Power,  Id.  a  unit  (subject  to  minimum  of  7s.  6d.  a 
quarter),  provided  no  current  is  taken  between  4  p.m.  and  6  p.m.  in 
November,  December,  January,  and  February. 

I.  Meter  Rents ,  etc. 

(xxxiii)  St.  James  and  Pall  Mall  (London).  Meter  registering  up  to  1  kW, 
2s.  6d.  a  quarter ;  from  1  to  5  kW,  5s.  ;  over  5  kW,  7s.  6d. 

(xxxiv)  Reading.  Nil. 

(xxxv)  Burslem.  Is.  a  quarter. 

(xxxvi)  Manchester.  Restricted  hour  time  switch,  2s.  6d.  a  quarter. 

Example  of  Charges  by  Various  Tariffs.  —  By  way  of 
practical  example,  the  cost  of  these  tariffs  may  be  worked  out  for 
a  hypothetical  installation  containing  a  variety  of  apparatus.  In 
this  connection  it  must  be  remembered  that  the  tariffs  mentioned 
above  are  not  the  only  ones  available  in  some  of  the  places  con¬ 
cerned  ;  in  some  cases  the  full  tariff  schedule  is  very  complex, 
so  that  the  actual  charge  made  might  vary  considerably  from 
the  following  estimates.  Assume  the  installation  data  to  be  as 
follows : — 

(a)  Fifty  40  W  lamps  =  2  kW  or  2  units  per  hr.  if  all  alight  simultaneously. 
Maximum  demand,  7  to  9  p.m.,  1*7  kW. 

2J  hrs.’  average  use  of  all  lamps  per  day. 

Units  per  day,  3  in  summer,  7  in  winter. 

(b)  Cooking  equipment — one  3  kW  oven ;  one  kW  grill ;  3  1  kW  hot  plates . 

Maximum  demand,  7J  kW  at  any  time  between  7  a.m.  and  9  p.m. 
Working  hours,  14-16  hrs.  a  day  intermittently. 

Units  per  day,  15,  average  all  year  round. 

(c)  Four  heaters  of  £  kW  each  —  2  kW. 

•  Maximum  demand,  2  kW  any  time  between  7  a.m.  and  midnight  (winter 
only). 

Working  hours,  18  per  diem  for  7  months. 

Average  load,  1J  kW. 

Units  per  day,  27. 

(i d )  One  10  B.H.P.  motor,  used  for  industrial  purposes,  taking  9  kW  at  full 
load. 

Working  hours,  8  a.m.  to  noon  and  1  p.m.  to  6  p.m  =  9  hrs.  per  diem. 
Maximum  demand,  9  kW  at  any  time  during  those  hours. 

Average  load,  5  kW  or  5  units  per  hr. 

Units  per  day,  45  all  the  year  round. 
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(e)  Whole  installation. 

Total  load  connected,  2  +  7J  +  2  +  9  =  20 J  kW. 

Maximum  demand.  The  lights  and  the  large  motor  do  not  overlap,  so 
the  maximum  demand  will  be  the  sum  of  the  M.D.  of  motor  and 
cooking  apparatus  in  summer,  plus  heaters  in  winter,  i.e.  16£  kW  in 
summer  and  18 J  kW  in  winter. 


The  units  consumed  will  be : — 


Per  Month. 

Per  Annum. 

Summer. 

Winter. 

Lighting  per  day  3  or  7  . 

90 

210 

1800 

Cooking  „  15  . 

450 

450 

5  400 

Heaters  ,,  27  . 

— 

810 

5  670  (7  months) 

Motors  ,,  45  . 

1  350 

1  350 

16  200 

Total  .... 

1  890 

2  820 

1 

29  070 

The  annual  bill  on  these  hypotheses,  subject  to  the  limitations 
noted  and  based  on  the  tariffs  specified  below,  will  be  as 
follows : — 


(i),  (viii),  and  ( xviii )  combined. 

£ 

5. 

d. 

Cooking  and  heating,  11 070  units  at  l^d . 

69 

3 

9 

Lighting,  1 800  units  at  6d . 

45 

0 

0 

Motor,  10  x  7s.  6d.  fixed,  plus  16  200  units  at  Id. 

71 

5 

0 

Meter  rent :  lighting,  5s. ;  heating  and  cooking,  7s.  6d. ; 

motor,  7s.  6d.  a  quarter . 

4 

0 

0 

Average  price  per  unit ,  l*56d. 

189 

8 

_9 

(*»)• 

£ 

s. 

d. 

Lighting,  1  800  units  at  4d . 

30 

0 

0 

Cooking,  heating,  and  motor,  27  270  units  at  Id. 

113 

12 

6 

Average  price  per  unit ,  l‘l9d. 

12 

J) 

(t>),  (mi),  and  (xxi)  combined. 

£ 

s. 

d. 

Cooking  and  heating,  11 070  units  at  Jd . 

23 

1 

3 

Lighting,  20  units  at  8d.  =  £0  13  4 

„  430  „  4£d.  =  8  13 

4  x  450  units  per  quarter  =  4  x  £8  14  7 

34 

18 

4 

Motor,  9  x  £1  fixed  charge,  plus  16  200  units  at  fd.  . 

59 

12 

6 

Average  price  per  unit ,  0*97d, 

117 

12 

1 
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(vi),  (xii),  and  ( xvii )  combined . 

Cooking,  5  400  units  at  Id . 

Power  and  heating — Summer,  4  050  units  a  quarter 
Winter,  6  480  „  „ 


Summer. 

Winter. 

£  s.  d. 

£  s.  d. 

500  units  at  2d. 

.  4  3  4 

rH 

CO 

500  „  ljd.  . 

.  3  2  6 

3  2  6 

Balance  at  Id. 

.  29  11  8 

53  4  2 

36  17  6 

60  10  0  97  7  6 

Lighting,  91  hrs.’  use  of  M.D.,  91  x  1-7,  or  155  units  per 
quarter — 

155  units  at  7d.  .  £4  10  5 

115  „  2d.  .  0  19  2 

£5  9  7  per  summer  quarter  x  2  10  19  2 

155  units  at  7d.  .  £4  10  5 

475  „  2d.  .  3  19  2 


£8  9  7  per  winter  quarter  x  2.  16  19  2 


Meter  rents  (three  at  Is.  per  quarter) . 

0 

12 

0 

Average  price  per  unit ,  1-23 d. 

148 

7 

10 

( vii )  and  (xiii)  combined. 

£  . 

s. 

d. 

Lighting,  1  800  units  at  3|d. . 

28 

2 

6 

Cooking  and  heating,  11  070  units  at  ljd . 

57 

13 

14 

Per  quarter  per  E.H.P. 

Motor,  200  units  at  l£d.  .  .£150 

100  „  ljd.  .  .  0  10  5 

37J  „  Id.  .  .03  li 

337£  units  £1  18  6£  ( x  4  x  12)  . 

92 

10 

0 

Average  price  per  unit ,  lAld. 

178 

5 

Ji 

(vii)  and  (xxii)  combined. 

£ 

s. 

d. 

Cooking  and  heating,  11  070  units  at  ljd . 

57 

13 

14 

Lighting,  £7  x  1*7  fixed,  plus  1  800  units  at  ljd. 

23 

3 

0 

Power :  Units  per  quarter  per  E.H.P.  are  below  limit  at 

which  (xxii)  applies,  hence  charge  is  according  to  tariff 

(xiii),  as  in  previous  example . 

92 

10 

0 

Average  price  per  unit,  1*43 d. 

173 

6 

276.  Bibliography  (see  explanatory  note,  §  58). 

Costs,  Tariffs,  etc.,  in  British  and  Colonial  Supply  Stations. 

Tables  of  Costs  and  Records  (Supplement  to  the  Electrical  Times). 
Electrician  Electrical  Trades  Directory  (Benn  Bros.). 

Manual  of  Electrical  Undertakings.  E.  Garcke  (Electrical  Press), 
Central  Station  Tables  (Rentell). 
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PART  III— TRANSMISSION  AND  CONTROL. 


CHAPTER  13. 

INSULATED  WIRES  AND  CABLES. 

277.  Applications  of  Insulated  Conductors. — Insulated  con¬ 
ductors  are  used  for  the  wiring  of  practically  all  installations 
indoors  and  outdoors.  Outdoors  permanent  (fixed)  circuits  can 
sometimes  be  provided  more  cheaply  by  bare  conductors  than 
by  insulated  cables,  but,  against  the  cost  of  insulation  on  the 
latter,  there  must  be  set  the  cost  of  the  poles  (or  brackets)  and 
insulators  required  by  bare  conductors  ;  also,  the  obstruction 
caused  by,  and  the  risk  of  accidental  contact  with,  bare  wires  in 
works’  yards  and  similar  situations.  The  last-named  consideration 
applies  in  yet  greater  degree  to  interior  installations,  and  almost 
the  only  uses  for  bare  circuits  indoors  are  as  contact  wires  for 
travelling  cranes  and  in  carrying  low- voltage  current  for  electro¬ 
chemical  and  electro-metallurgical  purposes.  •  Insulated  cables, 
are  also  used  for  the  transmission  and  distribution  of  electricity 
(generally  underground)  wherever  accommodation  cannot  con¬ 
veniently  be  provided  for  overhead  lines,  or  where  the  use  of 
the  latter  would  be  dangerous.  In  the  early  days  of  electricity 
supply,  bare  distributing  cables  were  stretched  on  insulators  in 
underground  conduits  and  a  few  examples  of  this  practice  may 
still  be  in  existence.  The  same  principle  is  used  extensively  in 
the  contact  rails  of  the  conduit-tramway  system  (Chapter  34) 
but  there  a  bare  conductor  is  essential,  in  order  that  continuous 
sliding  contact  may  be  made,  and  the  conductor  itself  is  rigid. 
The  relatively  small  copper  conductors  required  for  general  distri¬ 
bution  service  need  closely-spaced  supports  in  order  that  the  con¬ 
ductor  may  not  sag  into  contact  with  the  conduit;  for  this 
reason  and  because  the  system  cannot  easily  be  insulated  for  high 
pressures,  insulated  cables  are  now  standard. 

Bare  conductors  are  used  mainly  for  overhead  transmission 
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and  their  characteristics  and  constants  are  therefore  dealt  with 
in  Chapter  14,  where,  also,  there  are  discussed  certain  features  of 
high  voltage  cables  associated  with  power  transmission  over  con¬ 
siderable  distances.  Special  features  of  colliery  cables  are  dis¬ 
cussed  in  Chapter  32. 

278.  Low  and  Medium  Voltage  Wires  and  Cables. — For 

installation  work  insulated  stranded  copper  wires  should  be  used. 
The  size  of  the  copper  conductor  will  depend  primarily  on  the 
current  to  be  carried.  If,  however,  the  length  of  any  particular 
circuit  is  considerable,  the  loss  of  volts  due  to  the  resistance  of 
the  copper  must  also  be  taken  into  account  (§§  24,  286);  other¬ 
wise  the  lamps  and  apparatus  may  not  get  their  correct  pressure 
even  when  the  wire  is  carrying  much  below  its  maximum  safe 
current.  It  is  generally  specified  (following  the  I.E.E.  wiring 
rules)  that  the  loss  of  volts  in  the  conductors,  from  the  entrance 
of  the  supply  up  to  any  apparatus,  when  the  whole  installation 
is  switched  on,  shall  not  exceed  2  °Jo  of  the  supply  pressure  plus 
a  fixed  allowance  of  1  V,  i.e.  say,  3£  V  on  110  V  circuits  and  5%  V 
on  220  V  circuits.  As  will  be  seen  when  dealing  with  branch 
circuits  (Chapter  22)  these  are  generally  so  laid  out  that  a  single 
size  of  wire  can  be  safely  used  throughout  for  lighting  or  fans — 
not  for  heating — but  the  cables  leading  to  the  distribution  boards 
require  to  be  worked  out  carefully.  On  power  and  heating 
circuits  the  drop  in  volts  is  not  of  so  much  importance,  and  the 
size  of  conductors  is  then  determined  by  their  permissible  rise  of 
temperature;  this,  with  rubber  insulated  cables,  should  be  limited 
)0  20°  F.  whatever  the  purpose  for  which  current  is  used,  while 
with  paper  or  fibre  insulated  cables  a  rise  of  50°  F.  is  allowable 
(§  291). 

279.  British  Standard  Sizes  of  Insulated  Annealed  Copper 
Conductors. — Formerly  there  were  thirty -two  standard  sizes  of 
conductors  from  0*  001  to  1  sq.  in.  nominal  area ;  with  three  ex¬ 
ceptions  these  were  stranded  wires  and  in  most  cases  the  size  of 
the  individual  wires  was  quoted  in  S.  W.G.  numbers  ( see  Table  39). 
In  order  to  simplify  and  cheapen  manufacture,  the  number  of 
standard  sizes  was  reduced  to  twenty-five  (between  the  same  limits 
of  nominal  area)  by  the  B.E.S.A.  Specification  No.  7,  1922.  At 
the  same  time,  the  sizes  of  the  individual  wires  were  specified  in 
inches  throughout.  However,  S.W.G.  numbers  are  still  much 
used  and  there  is,  of  course,  a  vast  amount  of  conductors  of  the 
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Table  39. — Old  and  New  British  Standard  Sizes  for 
Insulated  Annealed  Copper  Conductors. 


Old  Standard. 

New  Standard. 

Number  and  S.W.G. 
and  /  or  Dia.  in  Ins. 
of  Individual  Wires. 

Nominal  Area 
in  Sq.  In. 

Nominal  Area 
in  Sq.  In. 

Number  and  Dia.  in 
Ins.  of  Individual 
Wires. 

1  /20  (-036") 

o-  001 0 

0*  001  0 

11  *036 

— 

— 

0’  001  5 

1  /  *044 

1  /18  (*048") 

0*0018 

— 

3/22  (-028") 

o-  001  8 

— 

— 

— 

0-002  0 

3/-029 

7/  25  (-020") 

0*002  2 

_ 

_ 

3/20  (*036") 

0*  003  0 

0*003  0 

3  /  *036 

7/23  (-024") 

0*003  1 

— 

— 

1/16  (*061") 

0*  003  2 

o-  003  0 

1  /  *064 

7/22  (*028") 

0*  004  2 

— 

— 

_ 

_ 

0*0045 

7/ -029 

7/21J(-030") 

0*004  9 

— 

— 

7/20  (*036") 

0*  007  0 

0*007  0 

7  /  *036 

7/19  (*040") 

0*  008  6 

— 

— 

— 

— 

0-  010  0 

7  /  *044 

7/18  (*048") 

0*  012  5 

— 

— 

— 

— 

0-014  5 

7/ *052 

7/17  (‘056") 

0*  017  0 

• — 

— 

7/16  (-064") 

0*  022  1 

0-0225 

7/ *064 

— 

— 

0*030  0 

19/ *044 

19  /18  (-048") 

0*  033  8 

— 

— 

7/14  (-080") 

0*  034  6 

— 

— 

— 

— 

0*040  0 

19  /  *052 

19  /17  (‘056") 

0*  045  9 

— 

— 

19/16  (-064") 

0*  060  0 

0*0600 

19/ *064 

19/15  (-072") 

0*  075  0 

0*075  0 

19/ *072 

19/14  (-080") 

0*  093  7 

— 

— 

_ 

— 

0*100  0 

19/ *083 

37/16  (‘064") 

0*  116  8 

0* 120  0 

37/ *064 

19  / 13  (-092") 

0-  125  0 

— 

— 

37/15  (‘072") 

0*  150  0 

0*  150  0 

37  /  *072 

37  / 14  (‘080") 

0* 182  4 

— 

— 

37  /  *083" 

0*  200  0 

0*  200  0 

37/ *083 

37  / *092" 

0*  250  0 

0*  250  0 

37/  *093 

37  /  *104" 

0*  300  0 

0*  300  0 

37  /  103 

61  / *092" 

0*  400  0 

0*400  0 

61  /  *093 

61  / *104" 

0*  500  0 

0*500  0 

61  /  *103 

61  /  -112" 

0*  600  0 

0*  600  0 

91  /  -093 

91  /  *101" 

0*  750  0 

0*750  0 

91  /  *103 

127  /  *101" 

1*000  0 

1*000  0 

127  / 103 
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Gables,  I.E.E.  ( Vide  Buies,  §  280). 

another,  and  refer  to  situations  where  the  maximum  temperature  of  the  air  does 
supplied  by  the  National  Physical  Laboratory,  those  in  columns  3  and  4  are  the 
temperature  of  20°  F.,  and,  in  the  case  of  paper  insulated  cables  of  50°  F.  above 
when  working  at  the  currents  given  in  columns  3  and  4  are  calculated  on  the 
insulation  and  130°  F.  in  the  case  of  paper  insulation. 


Conductor 
Resistance  in 
Standard 
Ohms  per 

1  000  Yds. 
at  60°  F. 

8. 

Conductor 
Weight  in  Lbs. 
per  1 000  Yds. 
(B.E.S.A. 
Standard). 

8  a. 

Minimum  Radial  Thickness. 

No.  of  Wires 
and  Dia.  of 
Each  Wire. 

13. 

Vulcanised  Rubber. 

Paper  or 
Fibre. 
(Class  B.) 
Up  to 
660  V. 

11. 

Lead 
Sheath. 
On  Paper 
or  Jute 
Cables. 

12. 

Up  to 
250  V. 

9. 

Up  to 
660  V. 

10. 

Ohms. 

Lbs. 

Ins. 

Ins. 

Ins. 

Ins. 

Ins. 

23*59 

11*77 

0*  034 

0*055 

— 

— 

1  /  -036" 

15*79 

17*58 

0*  034 

0*055 

— 

— 

1  /  *044" 

12*36 

23*37 

o-  036 

0*056 

— 

— 

3  /  -029" 

8*019 

'36*02 

0*  038 

0*057 

_ 

_ 

3  /  -036" 

7*  463 

37*20 

0*  036 

0*057 

— 

— 

1  /  *064" 

5*  281 

54-39 

0*  039 

0*058 

— 

— 

7  /  *029" 

3*  427 

83-81 

0-  041 

0*059 

0*  080 

0*060 

7  1  -036" 

2*294 

125*2 

0*  043 

0-060 

0*  080 

0*060 

7  /  -044" 

1*  643 

174*9 

0*  046 

0-061 

0*  080 

0*060 

7  /  -052" 

1*  084 

264*9 

0-  049 

0-062 

o-  080 

0*060 

7  /  064" 

0*  846  8 

340*4 

— 

— 

— 

— 

19  /  044" 

0*  606  3 

475*5 

0*  056 

0*063 

o-  080 

0*060 

19  /  -052" 

0*  400  2 

720*3 

0*062 

0*065 

0*  OSO 

0*070 

19  /  -064" 

0*  316  2 

911*6 

0*  066 

0*  060 

0*  080 

0*070 

19  /  -072" 

0*  238  0 

1  211 

0*  072 

0*072 

0-  080 

0*070 

19  /  -083" 

0*  205  6 

1  403 

0*  075 

0*075 

0-  080 

0*070 

37  /  -064" 

0* 162  5 

1  776 

0*  080 

0*080 

0*  OSO 

0*  070 

37  /  -072" 

0* 122  3 

2  360 

0*  088 

0*088 

0-  080 

0-  070 

87  /  -033" 

0*  097  38 

2  963 

0*  095 

0*095 

0*  090 

0-080 

37  /  -093" 

0*  079  39 

3  635 

0*  102 

0*  102 

0-  090 

0-  080 

37  /  -103" 

0*  059  08 

4  886 

0*  114 

0*114 

0*  1O0 

0*090 

61  /  -093" 

0*  048  16 

5  994 

0*  121 

0*121 

o- 100 

0*090 

61  /  -103" 

0*  039  61 

7  290 

0*  125 

0*125 

0*  100 

0*  100 

91  /  -093" 

0*  032  29 

8  942 

0*  131 

0*131 

0*  110 

0*100  i 

91  /  -103" 

0*  023  14 

12  481 

0*  141 

0*141 

0*  110 

0*110 

127  /  -103" 

for  the  classes  of  cable  shown :  Concentric,  0-93  ;  3-core,  0*88  ;  4-core,  0*82. 

40),  the  maximum  currents  may  be  less  than  those  shown  in  columns  3  and  4. 
the  B.E.S.A.  Specification  No.  7  ;  the  data  for  the  I.E.E.  table  are  not  available 
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old  standard  sizes  still  in  service;  the  comparison  between  the 
old  and  new  standards  in  Table  39  (p.  391)  will  therefore  be 
found  useful. 

280.  I.E.E.  Rules  regarding  Insulated  Wires  and  Cables. 

— The  following  extracts  from  the  I.E.E.  wiring  rules  explain  the 
basis  on  which  Table  40  (reprinted  from  the  same  rules)  is  drawn 
up.  Col.  8a  lias  been  added  from  B.E.S.A.  Specification  No.  7, 
1922.  The  data  on  which  the  cols.  8  and  8a  are  based  are  given 
in  §  62,  and,  as  noted  there,  a  variation  of  2  °/o  is  allowable  from 
the  standard  resistances  and  weights.  The  use  of  the  single  un¬ 
stranded  wires  should  generally  be  avoided,  although  allowed  by 
the  I.E.E.  rules.  The  most  generally  useful  sizes  for  branch 
wiring  are  3  /  '029  and  3  /  *036  (old  3/22  and  3  /  20)  ;  and  for 
sub-mains  7  /  '029,  7  /  '036,  7  /  '052;  7  /  '064,  19  /  '052,  and 
19  /  '064  (old  7  /  22,  7  /  20,  7  /  18,  7  /  16,  19  /  18,  and  19  /  16). 
In  Table  40  the  maximum  current  permissible  is  based  upon  the 
temperature  rises  specified  by  wiring  rule  4*3  below  ( see  also  §  291). 
The  following  are  the  actual  rules  of  the  I.E.E.,  Nos.  39-52, 
relating  to  conductors  as  entered  in  the  table  on  previous  page  : — 

Conductors — Size  and  Conductivity. 

39.  Size . — Except  for  wiring  fittings,  the  cross-sectional  area  (Table,  col.  2) 
of  any  copper  conductor  must  not  be  less  than  that  of  a  No.  18  S.W.G.  The 
cross-sectional  area  of  fittings  wires  must  not  be  less  than  that  of  a  No.  20  S.W.G. 

40.  Subject  to  Buies  39  and  43  being  complied  with,  the  minimum  size  of  the 
conductors  within  a  building  will  be  determined  as  follows  : — 

(а)  Lighting  Circuits. — For  lighting  circuits,  by  the  permissible  drop  in 
volts,  which  under  ordinary  conditions  must  not  exceed  2  °/0,  plus  a 
constant  allowance  of  1  V  (Table,  cols.  3 a  and  4a). 

(б)  Power  and  Heating  Circuits. — For  power  and  heating  circuits,  by  the 
rise  in  temperature,  which  must  not  exceed  20°  F.  (11*1°  C.)  (Table, 
cols.  3  and  4). 

41.  Conductivity  :  Sulphur. — Insulated  copper  conductors  must  be  of  annealed 
copper,  and  they  must  have  a  conductivity  not  less  than  that  laid  down  by  the 
Engineering  Standards  Committee  (Rule  57  §  62),  and  the  copper  must  be  pro¬ 
tected  by  tinning  or  other  effective  method  (Rule  56,  §  285)  from  contact  with 
the  insulating  material  if  such  contains  sulphur. 

42.  Stranding. — All  insulated  copper  conductors  having  a  greater  cross- 
sectional  area  than  that  of  a  No.  16  S.W.G.  wire  must  be  stranded. 

43.  Table  (vide  Table  40). — The  maximum  permissible  currents  for  the  various 
sizes  of  conductors  up  to  1  sq.  in.  in  cross-sectional  area  are  shown  in  cols.  3  and 
4  of  the  Table,  which  allow  for  a  rise  of  temperature  of  20°  F.  (11*1°  C.)  for  rubber 
insulated  cables  (Rule  45),  and  of  50°  F.  (27*8°  C.)  for  paper  or  fibre  insulated 
cables.  Below  0*  005  sq.  in.  cross-sectional  area  for  rubber  insulated  cables  and 
0*  017  sq.  in.  for  paper  insulated  cables  the  table  is  based  on  a  current  density  of 
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4  000  A  per  sq.  in.*  Cols.  3a  and  4a  show  the  corresponding  lengths  in  yards  of 
single  conductor  in  circuit  for  each  volt  of  fall  of  potential  when  the  maximum 
continuous  current  is  in  use. 

Conductors — Insulation. 

44.  Temperature.—  Conductors,  except  as  provided  in  Rules  75  and  76, 
Chapter  23,  must  be  specially  insulated  with  material  which  does  not  rapidly 
deteriorate  at  the  highest  temperature  to  which  it  will  be  subjected  ;  for  instance, 
rubber  must  not  be  allowed  to  exceed  130°  F.  (54*4°  C.),  and  paper  or  fibre  176°  F 
(80°  C.). 

45.  The  insulating  material  on  any  conductor  other  than  a  flexible  must  be 
throughout  either — 

Clans  A.  Vulcanised  Rubber. — A  non-hygroscopie  dielectric, f  such  as  vulcan¬ 
ised  rubber  of  the  best  quality,  which  only  needs  mechanical  protection 
(Rules  63-6G,  §  283,  and  Chapter  23.  Or 

Class  B.  Taper  and  Fibre. — A  hygroscopic  dielectric, +  such  as  impregnated 
paper  or  fibre,  which  must  be  encased  in  a  waterproof  sheath,  generally 
of  soft  metal,  such  as  lead,  drawn  closely  over  the  dielectric. 

46.  Thickness . — The  radial  thickness  of  vulcanised  rubber  must  not  be  less 
than  that  given  in  cols.  9  and  10  of  the  Table.  The  radial  thickness  of  dielectrics 
of  Glass  B  must  not  be  less  than  that  given  in  col.  11,  and  the  radial  thickness  of 
the  lead  sheath  not  less  than  that  given  in  col.  12.  The  dielectric  must  not  soften 
sufficiently,  under  working  conditions,  to  allow  displacement  of  the  conductor 
from  the  centre. 

47.  Pressure  Test. — The  dielectric  must  be  such  that  when  the  insulated  con¬ 
ductor  has  been  immersed  in  water  for  24  hrs.,  it  will,  while  still  immersed,  with¬ 
stand  a  pressure  test  of  1  000  V  for  $  hr.  in  the  case  of  250  V  cables  (Rule  16,  §  4)  ; 
and  one  of  2  500  Y  for  £  hr.  in  the  case  of  650  V  cables  (Rule  17).  The  testing 
pressures  must  be  alternating  pressures  at  a  frequency  of  50  to  100  supplied  from 
an  alternator  capable  of  giving  an  output  of  not  less  than  5  kW. 

48.  Insulation  Resistance  Test. — The  minimum  insulation  resistance,  when 
corrected  to  a  temperature  of  60°  F.  (15*6°  C.),  must  be  that  given  in  cols.  5  and  6 
of  the  Table  for  vulcanised  rubber,  and  that  given  in  col.  7  for  Class  B,  the  test 
being  made  after  1  minute’s  electrification  at  not  less  than  500  Y,  and  after  the 
insulated  conductor  has  been  immersed  in  water  for  24  hrs.  immediately  preceding 
the  test,  and  while  still  immersed. 

49.  Twin  and  Multiple  Conductors. — Each  insulated  member  of  a  twin  or 
multiple  conductor  must  have  the  insulation  resistance  given  in  the  Table  for  single 
conductors  ofi  the  same  size. 

50.  Taping  and  Braiding. — Conductors  insulated  as  in  Class  A  must  be  taped 
and  braided  if  drawn  into  conduits,  and  at  least  braided  if  laid  in  casing. 

51.  Colours  for  Conductors. — Where  colours  are  used  to  distinguish  the  con¬ 
ductors,  the  following  are  recommended  : — 

*  Author's  Note . — It  will  be  seen  that  the  permitted  current  density  in  paper 
cables  is  about  4  000  A  per  sq.  in.  from  0*  001-0*01  sq.  in. ;  2  000  A  per  sq.  in. 
about  0*1  sq.  in.  ;  and  1  000  A  per  sq.  in.  for  0*5-l*0  sq.  in.  In  rubber  cables 
from  0*01-1  sq.  in.  the  current  density  may  be  about  two-thirds  the  above  values. 
These  easily  memorised  figures  are  useful  for  rough  estimates. 

f  Dielectric  does  not  include  braiding  or  taping. 
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Continuous  current :  + ,  red ;  - ,  black  ;  Neutral,  yellow  or  white. 

Alternating  current :  (a)  Phase,  red ;  ( b )  Phase,  yellow  or  white  ;  (c)  Phase, 
blue;  Neutral,  green. 

52.  Concentric  Conductors. — Concentric  conductors  must  in  all  respects  con¬ 
form  to  the  requirements  laid  down  for  single  conductors  ;  the  insulation  resistance 
of  the  dielectric  separating  the  two  conductors  must  be  that  given  in  the  Table 
for  single  conductors  having  the  same  diameter  as  the  inner  conductor.  The  in¬ 
sulation  resistance  of  the  dielectric  on  the  external  conductor,  where  insulated, 
must  be  that  given  in  the  Table  for  single  conductors  having  the  same  diameter 
as  the  outside  diameter  of  the  external  conductor. 

281.  Grade  of  Cables. — Electrical  wires  and  cables  are  sold 
as  being  of  a  certain  ‘  grade  ’  of  insulation  resistance  (§  71).  The 
three  grades  most  generally  used  are  known  as  300,  600,  and 
2  500  megohm  grades ;  these  figures  represent  the  minimum  in¬ 
sulation  resistance  per  mile  for  the  largest  size  of  cables  in  each 
grade  (§  4).  Thus,  in  the  600  megohm  grade  cables,  from  about 
19  /  *072  ins.  (19  /  15  S.W.G.)  upwards  will  actually  have  this 
resistance  per  mile ;  smaller  cables  of  this  grade,  insulated  to  the 
same  specification,  will  have  higher  actual  insulation  resistance, 
up  to  1  200  or  even  2  000  megohms  per  mile  in  the  smallest  sizes 
(vide  cols.  5  and  6  of  Table  40).  This  is  due  to  the'  fact  that  the 
reduction  in  wire  diameter,  and  hence  in  its  leakage  surface  in 
contact  with  the  insulation,  more  than  compensates  for  the  re¬ 
duced  radial  thickness  of  insulation. 

For  example,  a  61  /  *103  ins.  cable  has  0‘  121  in.  radial  thickness  of  vulcanised 
rubber  (up  to  250  Y),  and  the  conductor  is  0-  936  in.  in  diameter.  Similar  data  for 
a  7  /  *064  ins.  cable  are  0*  049  in.  radial  thickness  of  insulation  and  0*  192  in. 
conductor  diameter ;  and  for  a  1  /  -064  in.  conductor,  0*  086  in.  radial  thickness 
and  0*  064  in.  diameter.  If  the  61  /  -.103  ins.  cable  be  of  600  megohm  grade,  its 
actual  insulation  resistance  will  be  600  megohms  per  mile ;  and  if  the  smaller 
cables  be  of  the  same  grade,  their  actual  insulation  resistance  may  be  taken 
(approximately)  as  varying  directly  with  the  radial  thickness  of  insulation  and 
inversely  with  the  conductor  diameter,  the  latter  being  proportional  to  the  surface 
of  wire  in  contact  with  the  insulation  per  unit  length  of  cable.  This  basis  of 
calculation  is  not  strictly  accurate,*  but  it  is  near  enough  for  estimating  purposes 
and  to  illustrate  the  fundamental  distinction  between  actual  insulation  resistance 
and  grade.  On  this  basis,  the  actual  insulation  resistance  of  7  /  *064  ins.  cable 
of  600  megohm  grade  =  600  x  (0*  049  /  0‘  121)  x  (0*  936  /  0*  192)  =  1  190  megohms 
per  mile.  Similarly,  that  of  1  /  *064  in.  cable  =  600  x  (0-  036  /  0*  121)  x 
(0*  936  /  0  *  064)  =  2  600  megohms  per  mile.  The  actual  values  given  in  Table  40 
are  respectively  900  and  2  000  megohms  per  mile. 

From  Rule  48  (§  280)  it  will  be  seen  that  the  IE.E.  standards 


*  For  a  theoretically  accurate  treatment  of  the  problem  see  Electric  Cables 
and  Netwd'hs3  by  A.  Bussell  (Constable),  2nd  edition,  p.  62. 
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f«*r  \nlr rubber  c«l»U  are  BOO  megohm  grade  up  to  250  V 
and  J  !|ieg**  1*  111  grade  up  to  050  V.  The  insulation  resistance 
m!  p:i|^r  or  fibre  rubles  is  much  lower,  and  is  from  70-1 10  megohms 
l**r  mil*'  in  *u/.m  f 4  ruble  for  which  vulcanised  rubber  cables  have 
actually  th*dr  4  grade  values  of  insulation  resistance.  So  far 
an  India  L  concerned  -arid  probably  this  applies  to  the  tropics 
i  al]  v  the  usi»  of  tie*  30(Muegohm  grade  is  not  recommended ; 
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!~T*rhm  grade  has  been  largely  used,  and  is  still  used 
in  certain  provinces,  hut  it  has  proved  unsatisfactory  in  many 
and  the  intermediate  grade  is  on  the  whole  by  far  the 
uecU  serviceable.  f  'aides  are  generally  put  up  in  coils  of  l.K)  yds. 
or  iV  mib%  and  the  actual  insulation  reHistanc.o  of  a  single  coil 
tboidd,  ?b*  ref« ije,  be  If*  times  as  high  as  that  given  in  the  table 
n»r  a  mile. 


Two  «{na!itie'4  of  eable  are  manufactured  in  Great,  Britain, 
known  a*  '  Association  *  and  ‘  Non -Association  ”  cables,  respec¬ 
tively,  according  to  whether  the  dielectric  complies  with  the 
*|*un  lira!  ion  of  the  ‘  Gable  Makers’  Association  ’  or  not.  The 
higher  quality  is  recommended  as  preferable ;  each  coil  should 
have  the  *  (!M.A,  *  hit  ad  attached,  It  may  bo  added,  however, 
that  certain  manufacturers  who  do  not  belong  to  the  O.M.A.  make 
cable*  to  ib**  specification  of  that  body,  and  tliat  some  of  the 
spsnal  4  tropical 4  brands  of  cable  have  been  found  more  service¬ 
able  abroad  than  !UM,A.  in  some  instances  the  same  manu¬ 
facturer*  supply  Itoth  qualities  and  recommend  the  non-Association 
4  tropical  1  quality  as  preferable  to  the  other. 

As  regards  the  rubber  insulation  of  cables,  it  is  sometimes 
specified  that  it  shall  stand  dry  heat  at  270°  F.  for  2  hrs.,  and 
moist  heat  at  TiB*  F.  for  4  lira  without  its  qualities  or  elasticity 
being  impaired. 

282.  Purpose  and  Testing  of  Tinning  on  Copper-— Rubber 
insulated  winsH  are  always  tinned,  and  it  is  not  always  realised 
that  th«*  function  of  tinning  is  no  less  to  protect  the  rubber  from 
t  he  catalytic  oxidising  effect  of  copper  than  to  protect  the  latter 
from  sulphur  m  the  rubber.  Beaver’s  tost  for  the  efficiency  of 
the  tinning  is  the  following:  Glean  with  alcohol  or  other  and 
immerse  for  1  min.  in  dilute  hydrochloric  acid  sp.  gr.  1*  088,  rinse 
with  water,  immerse  in  sodium  sulphide  solution  sp.  gr.  1*142 
for  30  mm.  ;  rope? at  the  cycle  till  the  wire  visibly  blackens  ;  this 
should  lake  at  least  four  cycles. 
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For  the  efficient  use  of  the  test  the  sodium  sulphide  solution  should  be  pre¬ 
pared  by  dissolving  25  gms.  of  pure  mono-sulphide  of  sodium  in  100  cu.  cms. 
of  water,  adding  an  excess  of  sulphur  and  boiling  for  about  1  hr.  with  occasional 
stirring.  The  solution  should  then  be  cooled,  filtered,  and  diluted  to  the  required 
specific  gravity  of  1*  142.  As  there  is  a  slight  tendency  for  this  solution  to  decom¬ 
pose  on  prolonged  standing,  depositing  sulphur,  it  should  be  freshly  prepared. 
The  preparation  of  the  hydrochloric  acid  is  simply  a  matter  of  dilution  to  the 
required  specific  gravity  (C.  J.  Beaver,  Jour .  I.E.E. ,  Vol  53,  p.  70). 

Good  tinning  should  have  a  slightly  golden  tint.  Blackening 
means  that  the  tinning  is  imperfect,  but  silver- white  appearance 
is  also  to  be  regarded  with  suspicion.  Imperfectly  vulcanised 
rubber  adheres  to  the  metal. 

Silvery  brightness  of  the  tin  coating  after  vulcanisation  casts  suspicion  on  the 
quality  of  the  rubber.  It  has  nothing  to  do  with  the  purity  of  the  tin  or  its  ap¬ 
plication  to  the  wire.  A  low-grade  foreign  wire  may  often  be  detected  by  this 
feature  alone.  During  vulcanisation  of  the  (inferior)  rubber,  acid  products— due 
to  the  method  of  preparing  the  ‘  pure  ’  rubber  layer  or  to  reactions  in  organic 
loading  constituents,  other  than  rubber — may  be  formed  which  slightly  *  pickle  7 
the  tin  and  prevent  formation  of  tin  sulphides.  A  high-grade  rubber  compound 
takes  longer  than  an  inferior  compound  to  vulcanise,  and  due  to  this  and  to  the 
absence  of  ‘  pickling 7  there  is  formed  the  slightly  golden  film  of  tin  sulphide  which 
is  regarded  by  cable  inspectors  as  probable  indication  of  excellence  (Beaver, 
loc.  cit.). 

283.  Class  of  Cables. — The  term  ‘  class  ’  in  regard  to  cables 
refers  to  the  protecting  covering  over  the  dielectric,  which  may 
be  of  any  of  the  grades  mentioned  in  the  preceding  paragraph. 
Pure  rubber  strip  wound  in  two  or  three  layers  with  staggered 
joints  and  covered  with  tape  and  braiding  forms  a  type  of  in¬ 
sulation  which  is  only  suitable  up  to  100  V  or  so,  and  is  obviously 
not  moisture-proof.  Vulcanised  india-rubber  (V.I.R)  cables  are 
standard  for  ordinary  work,  and  it  is  usually  sufficient  if  the  cable 
is  externally  ‘  taped  and  braided.  ’  It  is  frequently  remarked  that, 
when  there  is  any  difference  in  durability,  black-finished  rubber 
cables  always  last  longer  than  red-finished  ones.  The  difference 
is  attributed  by  Beaver  to  the  presence  of  resin  in  the  ozokerite 
compound  with  which  the  braiding  is  saturated.  The  natural 
colour  of  ozokerite  is  black.  The  operation  of  dyeing  it  red  is 
facilitated  by  presence  of  resin,  but  resinous  matter  is  absorbed 
with  avidity  by  rubber,  to  the  great  detriment  of  the  latter.  The 
presence  of  resin  is  not  essential,  but  its  exclusion  involves  extra 
cost.  Unless  it  is  certain  that  attention  has  been  paid  to  this 
point,  there  is  sound  justification  for  preferring  black-finished 
cable. 
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Vulcanised  india-rubber  cables  are  often  lead-covered,  and 
copper  is  sometimes  used  as  protective  covering  (Chapter  23). 
Where  extra  mechanical  strength  is  required,  ‘  armoured  ’  cable 
is  used,  the  protection  consisting  of  galvanised  iron  wire  or  tape, 
single  or  multiple.  Round- wire  armouring  is  generally  used  on 
small  sizes  of  cable  and  also  where  the  armouring  has  to  carry 
weight,  as  in  cables  suspended  vertically  in  pit  shafts.  Metal 
tape  probably  affords  better  mechanical  protection  than  is  given 
by  round  wires  ;  wires  of  special  inter-locking  section  are  some¬ 
times  used  and  these  combine  flexibility  with  a  high  degree  of 
mechanical  protection.  Armouring  may  be  used  in  combination 
with  braiding  (within  or  without  the  armouring,  or  both),  or  over 
a  lead  sheath.  Impregnated  tape  between  lead  and  steel  reduces 
the  risk  of  cutting  or  deforming  the  lead  by  the  armour  and 
prevents  electrolytic  action  between  the  two  metals.  Impregnated 
hemp  or  jute  may  be  used  to  protect  the  armouring.  Wherever 
paper  or  other  hygroscopic  dielectric  is  used,  lead  sheathing  is 
essential  (besides  impregnation  of  the  paper,  §  287),  and  great  care 
must  be  taken  to  ensure  that  the  ends  of  the  cable  are  sealed  and 
the  joints  moisture-proof.  Paper-insulated  cables  are  seldom  used 
for  house  wiring  or  for  small  sizes  of  branch  wiring ;  their  use 
for  high-tension  work  is  practically  standard  (§§  287,  288). 
Vulcanised  bitumen  is  a  waterproof  insulating  material,  often 
considered  treacherous  in  its  mechanical  properties,  but  greatly 
improved  during  recent  years.  It  is  largely  used  in  mining  work 
(Chapter  32),  and  to  a  limited  extent  for  general  distribution 
mains.  It  may  be  lead  sheathed  and  armoured  or  it  may  be  used 
unsheathed  or  as  a  sheathing  for  paper-insulated  cables.  Special 
forms  of  protection  have  been  devised  for  a  variety  of  purposes. 
Thus  there  are  fireproof  cables  ;  special  trailing  cables  for  serving 
portable  underground  machines,  where  rough  usage  is  inevitable ; 
acid-proof  cables,  and  so  on.  The  use  of  asbestos  as  a  fire-resisting 
covering  for  cables  is  not  without  risk,  since  the  asbestos  may 
serve  as  a  wick  for  oil  in  case  of  switchboard  fires  or  explosions. 

‘  Cab-tyre  sheathed  ’  cables  consist  of  single  or  multiple  core 
V.LR  cables  with  a  substantial  sheathing  of  rubber  similar  to 
that  used  for  cab  tyres,  and  chosen  for  its  mechanical  properties 
and  chemical  inertness.  This  sheathing  will  stand  a  great  deal 
of  rough  usage  and  all  conditions  due  to  steam,  oil,  acid,  alkali, 


etc.,  which  are  likely  to  be  encountered  in  practice.  Besides  its 
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use  in  industrial  service  of  all  kinds,  this  class  of  cable  is  suitable 
for  general  wiring  work.  It  is  useful  in  making  connections  to 
lift  cars  and  in  wiring  to  cookers  in  kitchens*  It  can  be  run  in 
plaster  unprotected,  and  in  general  wiring  it  eliminates  conden¬ 
sation,  leakage,  and  corrosion  troubles,  particularly  if  used  in 
conjunction  with  special  terminal  and  connecting  boxes  in  which 
the  wire  is  taken  down  through  an  outer  vessel  and  up  into  an 
inner  ‘  bell/  the  mouth  of  which  is  sealed  by  insulating  oil  in  the 
outer  vessel  when  the  whole  is  assembled. 

I.E.E.  Rule  65  relates  to  uncased  wiring  with  tough  rubber 
compound  protection,  and  specifies  that — 

65.  Insulated  conductors  protected  by  art  outer  reinforcing  covering  of  tough 
rubber  compound  not  less  than  50  mils  thick  and  capable  of  resisting  abrasion, 
acids,  oils,  and  alkalis,  may  be  used  without  conduits  or  wood  casing  provided 
that— (a)  The  resistance  of  the  covering  to  fire  is  equal  or  superior  to  that  o£ 
vulcanised  rubber  ;  (6)  the  covering  encloses  the  insulated  conductors  as  a  whole 
or  each  insulated  conductor  separately ;  (c)  the  conductors  comply  with  the  in¬ 
sulation  requirements  of  Rules  47  and  48,  §  280. 

British  standard  dimensions  for  armouring,  bedding,  braiding, 
serving,  cab-tyre  sheathing,  etc.,  on  insulated  copper  conductors 
for  power  and  light  service  are  given  in  B.E.S.A.  Specification, 
No.  7,  1922. 

284.  Flexible  Wires. — For  hanging  pendant  lamps,  and  for 
connecting  up  portable  apparatus  to  wall  plugs,  etc. ,  the  ordinary 
wires  shown  in  Table  40  are  too  stiff;  and  special  flexible  wires 
(‘  flexibles  ’)  are  used,  consisting  of  many  strands  of  very  fine  copper 
wire.  The  Cable  Makers’  Association  standards  are  0*  007  6  in. 
and  0*  012  in.  dia.  (corresponding  to  Nos.  36  and  30  S.  W.G.)  for 
the  strands;  strands  0'  004  8  in.  dia.  (No.  40  S.W.G.)  have  often 
been  used  in  non-Association  flexibles,  but  such  fine  wires  are  apt 
to  be  brittle,  particularly  if  tinned.  Old  and  new  standard  sizes 
of  flexible  cords  are  shown  in  Table  41.  For  similar  particulars 
concerning  flexible  cables,  ranging  from  140  /  *010  in. -792  /  *029  in. 
(0*01-0*5  sq.  in.  nominal  area),  see  B.E.S.A.  Specification  No.  7, 
1922. 

The  thickness  of  insulation  is  greater  in  C.M.  A  than  in  Non- 
Association  flexibles,  and  if  tinning  be  used  instead  of  cotton 
lapping  the  larger  diameter  of  strands  (as  compared  with  Non- As¬ 
sociation  flexibles)  compensates  for  the  effect  of  tinning  in  making 
fine  wires  somewhat  brittle.  I.E.E.  rules  as  to  the  insulation  of 
flexibles  are  given  in  the  next  paragraph.  Over  the  clieieetric 
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Table  41. — Standard  Sizes  and  Approximate  Current- 
Carrying  Capacity  of  Flexible  Cords. 


Old  SI 

Number  of  'W 
Size. 

tandard. 

New  Standard. 

B.E.S.A.  Standard 
Resistance  per  1 000  yds.  at 
60°  F.  Ohms. 

Approximate  Carrying 
Capacity  (Table  40). 
Amps. 

Approximate  Overall  Dia.* 
In. 

Approximate  Equivalent 
Solid  Wire,  S.W.G. 

rires  of 

Nominal  Conductor 

Area  Sq.  In. 

Number  of 
Wires  of  Dia. 

u 

0 

4* 

O  . 

s  a 

T»  1—1 

a  - 

0  O' 

O  OQ 

-2  ai 

9  a} 

.553 

0 

K 

dr 

w’S 

0  0 
m  Si 

6  ^ 

co  o 

CO 

36S.W.G. 
(0*007  6"). 

0 

t- 

0 

0 

0 

CJ 

0 

0 

34 

22 

14  - 

0*  000  C 

14' 

7 

O' 000  6 

39*7 

2'5 

*24- *28 

22 

56 

36 

22 

O’  0010 

23 

11 

O'OOIO 

24*2 

4-1 

•27--30 

20 

IOO 

64 

40 

o-oois 

40 

16 

0  0017 

13-9 

7-0 

*29- *32 

18 

178 

114 

71 

0*  003  2 

70 

28 

0  003  0 

7*94 

12-9 

■33--S6 

16 

278 

178 

111 

0-  005  0 

110 

44 

0  0048 

5*05 

19-0 

*37- *40 

14 

— 

— ' 

— 

— 

162 

65 

0-0070 

3*43 

24-0 

-41--42 

13 

there  is  generally  a  covering  of  either  cotton  or  silk,  and  two  or 
three  separate  wires  are  then  twisted  together  to  form  a  twin  or 
triple  flexible.  Where  subject  to  rough  use  the  two  wires  are 
padded  to  a  circular  shape  and  then  covered  by  an  outside  pro¬ 
tective  layer  of  braiding;  this  class  is  known  as  c workshop 
flexible/ 

It  is  sound  policy  to  assume  a  low  current-carrying  capacity 
for  flexibles  (particularly  in  the  smaller  sizes),  because  individual 
strands  often  break  at  many  points,  particularly  in  leads  supplying 
vacuum  cleaners,  flat  irons,  and  other  portable  apparatus.  The 
resulting  local  reduction  in  effective  copper  section  increases  the 
current  density  at  the  point  affected. 

Useful  information  on  the  mechanical  testing  of  flexibles  for 
wearing  quality,  etc.,  is  to  be  found  in  Report  No.  32529  of  the 
Electrical  Testing  Laboratories  to  the  National  Electric  Light 
Association  (U.S.  A.) ;  see  also  Electricity ,  VoL  34,  p.  772. 

285.  I.E.H.  Rules  as  to  Flexibles. — The  wiring  rules  of  the 
I.E.E.  (Nos  53-56)  lay  down  the  following  requirements  as  to 
flexibles : — 


VOL.  1. 


Depending  on  type  of  protective  covering. 
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53.  Size. — Flexibles  must  be  made  up  so  that  the  total  cross-sectional  area 
is  not  less  than  equivalent  to  No.  22  S.W.G.,  and  they  must  be  composed  of  wires 
twisted  together  on  a  short  lay,  no  wire  being  smaller  than  a  No.  36  S.W.G. 

54.  Dielectric  and  Tests. — The  insulating  material  used  as  the  dielectric  must 
be  pure  rubber  equal  to  washed  para  rubber  or  vulcanised  rubber  of  the  best  quality. 
The  pure  rubber  must  be  laid  on  in  two  layers,  care  being  taken  that  the  edges 
of  each  layer  overlap,  and  the  radial  thickness  of  the  dielectric  must  not  be  less 
than  20  mils.  Each  coil  of  pure  rubber  flexible  must  be  tested  in  air  for  15  minutes 
with  a  pressure  of  1  500  V  alternating  between  the  conductors  at  a  frequency  of 
50-100. 

55.  Vulcanised  Rubber. — Vulcanised  rubber  flexible  must  be  insulated  with 
one  layer  of  pure  rubber  and  two  layers  of  vulcanised  rubber ;  the  minimum  in¬ 
sulation  resistance  and  radial  thickness  of  the  dielectric  must  be  those  specified  in 
the  Table  (§  280)  for  250  V  or  650  V  cable  having  similar  cross-sectional  area  of 
conductor.  In  the  case  of  flexibles  having  a  conductor  cross-sectional  area  less 
than  0*  000  9  sq.  in.,  the  radial  thickness  must  not  be  less  than  33  mils  for  low 
pressures  and  not  less  than  62  mils  for  medium  pressures.  The  pressure  tests  and 
insulation  tests  must  be  applied  before  braiding,  and  as  specified  in  Rules  47  and 
48,  §  280 ,  with  the  exception  that  the  pressure  tests  maybe  applied  for  15  minutes 
only. 

56.  Sulphur. — Insulating  material  containing  sulphur  must  not  be  in  direct 
contact  with  copper  wires  (Rule  41,  §  280). 

286.  Drop  of  Volts  in  Cables. — In  col.  3a  of  Table  40  (§  280) 
are  given  the  approximate  lengths  of  each  size  of  wire  in  which, 
with  the  current  in  the  preceding  column  flowing,  there  will  be  a 
drop  of  1  V.  If  the  current  is  halved  the  length  for  the  same  drop 
of  pressure  will  be  doubled,  and  so  on,  in  inverse  proportion. 

For  example,  using  3  /  *029  ins.  wire,  if  the  current  carried  is  the  maximum 
allowable,  viz.  7*8  A,  the  drop  is  1  V  in  about  31  ft.  Therefore,  if  the  pressure  of 
the  supply  in  question  is  220  V,  and  we  arrange  for  4  V  drop  in  the  branch  wires 
(out  of  the  5J  V  allowable,  §  278),  we  are  limited  to  124  ft.  of  wire,  i.e.  62  ft.  run 
of  lead  and  the  same  of  return. 

Generally  the  length  of  wire  and  the  current  are  known  and  it  is  required  to 
find  the  size  of  wire  which  must  be  used.  Thus,  the  pressure  being  110  or  220  V, 
we  may  generally  allow  up  to  2  or  4  V  drop  respectively  in  the  branch  wiring ; 
now  by  Ohm’s  Law  the  total  resistance  of  the  conductor  will  be  E  /  I,  E  being 
the  drop  in  volts  allowed  ;  then  if  we  know  the  total  length  (lead  plus  return)  and 
the  resistance  of  that  length  (by  the  above  calculation)  the  resistance  per  1  000 
yards  can  be  found  at  once  by  simple  proportion,  and  from  this  the  nearest  size  of 
wire  can  be  selected  from  the  wire  table  (col.  8),  as  in  examples  (Table  A  on 
opposite  page). 

Care  must  be  taken  to  see  that  the  cable  selected  on  the  basis 
of  voltage  drop  is  not  too  small  for  the  current  it  has  to  carry ; 
this  may  be  ascertained  by  reference  to  col.  3  of  Table  40.  Also, 
if  the  size  comes  out  smaller  than  3  /  *029  ins.  (3  /  22  S.  W.G.),  that 
wire  is  the  smallest  which  should  ordinarily  be  used.  Of  two 
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Table  A. — Examples  in  Selecting  Size  of  Conductor ,  on  the 
Basis  of  Assumed  Voltage  Drop. 


Drop 

Allowed 

E. 

Current 

1. 

n  =  *7  /. 

Length 
Lead  and 
Return. 

Proportional 
Resistance  per 

1  000  Yds. 

Nearest  Size  from 
Col.  8  of  Table  40. 

V. 

Amperes. 

Ohms. 

Yds. 

Ohms. 

S.W.G. 

2 

5 

0*4 

40 

10 

3/21 

4 

5 

0*8 

60 

13 ‘4 

3/22 

2 

7 

0*28 

50 

5*7 

7/22 

2 

7 

0*28 

80 

3*5 

7/20 

2 

13 

0*15 

30 

5 

7  /  22  or  3  /  18 

sizes,  in  cases  of  doubt,  it  is  better  to  use  the  larger,  especially  if 
the  current  is  near  the  maximum  allowable  by  the  Table  or  if  the 
air  temperature  is  liable  to  exceed  80°  F.  In  the  case  of  mains 
and  sub-mains,  where  extensions  may  cause  an  increase  of  current, 
it  is  also  best  to  be  liberal  in  the  size  used. 

287.  Insulating  Materials  for  High-Pressure  Cables. — 
General  information  concerning  insulating  materials  is  to  be  found 
in  Chapter  2.  The  notes  here  given  relate  to  the  characteristics 
of  various  insulating  materials  as  affecting  the  use  of  the  latter 
in  high-voltage  cables  ( see  also  §§  281,  283  for  low- voltage  cables, 
and  §  288  for  extra  high-pressure  cables).  The  inductance  and 
capacity  of  cables  are  discussed  in  §  §  310,  311. 

Air  under  pressure  (§  78)  has  been  used  experimentally  as 
dielectric  for  high-voltage  ‘  cables ;  ’  with  a  £  in.  conductor  inside 
a  4-in.  iron  tube,  and  air  at  120  lbs.  per  sq.  in.,  it  is  possible  to 
transmit  energy  at  60  000  V  (J.  S.  Highfield,  El.  Rev.,  Yol.  91, 
p.  919). 

Rubber  is  too  costly  for  use  as  insulating  material  on  high- 
pressure  cables  ;  it  has  a  high  insulation  resistance,  but  has  lower 
break-down  pressure  than  paper,  and  both  the  insulation  resistance 
and  dielectric  strength  of  rubber  depend  greatly  on  its  composi¬ 
tion  and  degree  of  vulcanisation.  The  proportion  of  pure  rubber 
in  the  mixture  is  generally  from  30-60  °/0.  Rubber  insulation 
is  liable  to  attack  by  ozone  and  nitric  acid  formed  from  the 
atmosphere  in  the  neighbourhood  of  e.h.t.  conductors  ;  a  sheath¬ 
ing  of  bitumen  between  rubber  and  conductor  eliminates  this  risk. 
The  lower  specific  inductive  capacity  of  paper  as  compared  with 
rubber  is  an  advantage  in  cable  construction. 
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The  general  properties  of  vulcanised  bitumen  include  a 
tendency  to  break  short  at  low  temperatures,  particularly  under 
shock,  and  to  soften  and  permit  decentralisation  of  conductors 
when  heated  in  service.  However,  manufacture  of  these  cables 
has  improved  greatly  during  recent  years.  Two-  and  three-core 
bitumen  cables  are  generally  found  more  reliable  than  single- core 
cables,  and  A.C.  cables  give  less  trouble  than  C.C.  cables  of  this 
type.  Vulcanised  bitumen  is  immune  from  attack  by  acids,  but 
alkalis  cause  a  certain  amount  of  surface  attack.  From  an  ex¬ 
tensive  investigation,  C.  J.  Beaver  concludes  that  the  softening 
of  bitumen  by  saponification  is  attributable  to  leakage  current, 
moisture  (in  so  far  as  the  latter  is  required  to  render  braid¬ 
ing  conducting),  and  heat,  the  effect  increasing  with  the  time 
these  conditions  endure.  Saponification  troubles  occur  only  on 
negative  cables,  since  it  is  only  there  that  alkali  is  produced 
electrolytieally.  The  incorporation  of  5-10  °/Q  of  high-grade 
vulcanised  rubber  in  vulcanised  bitumen  is  said  to  give  a  material 
free  from  any  softening  trouble,  even  under  severe  conditions  of 
practice,  and  superior  to  either  ingredient  alone.  The  principal  use 
of  bitumen  cables  is  as  distributors  in  mining  and  other  industrial 
service;  a  bitumen  sheathed  cable  with  bitumen  “wormings” 
between  the  component  conductors,  which  are  themselves  insulated 
with  bitumen  is  practically  moisture-proof.  The  bitumen  should 
be  forced  into  the  interstices  between  the  strands  of  each  con¬ 
ductor  to  prevent  “  creeping  ”  of  moisture  from  a  defective  point. 

Paper  insulation  is  employed  in  most  cables  for  pressures 
of  3  000  V  or  higher,  owing  to  its  good  mechanical  and  electrical 
properties.  Suitable  paper  stands  heating  in  service  better  than 
rubber  ;  also  it  is  cheaper  than  rubber  and  has  a  very  high  break¬ 
down  pressure  (about  200  kV  (RM.S.)  per  cm.,  as  a  commercial 
maximum,  with  120  to  150  kV  as  the  basis  for  guarantees),  though 
its  insulation  resistance  is  low,  say  70-100  megohms  per  mile 
in  large  and  150-300  megohms  per  mile  in  small  paper  cables. 
Unusually  high  insulation  resistance  in  paper-insulated  cables  does 
not  necessarily  indicate  over-heating  of  the  latter  in  manufacture 
and  is  not  a  reasonable  basis  for  rej  ection,  though  it  is  sometimes 
laid  down  as  such  in  specifications.  In  this  country,  pure  manilla 
paper  is  considered  best  for  insulating  purposes ;  on  the  Continent, 
paper  containing  a  proportion  of  wood  pulp  is  often  used,  on  the 
ground  that  it  absorbs  impregnating  oil  more  freely.  Probably 
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the  cheapness  of  the  impure  paper  is  a  major  consideration. 
Paper-insulated  cables  may  be  impregnated  (under  heat  and 
vacuum)  after  the  paper  is  applied,  or  the  paper  strip  may  be 
impregnated  before  being  wound  on  the  cable.  In  the  latter  case 
a  more  viscous  impregnant  may  be  used,  the  heating  period  for 
drying  out  the  cable  may  be  reduced,  and  no  difficulty  is  found  in 
excluding  air  bubbles.  The  impregnating  compound  should  not 
set  stiff  or  hard  but  should  be  oily  in  nature  so  that  the  paper 
is  not  torn  when  the  cable  is  bent.  Break-down  by  ionisation 
results  if  voids  are  caused  by  the  paper  absorbing  filling  material 
from  the  interstices  of  the  strand,  or  by  the  impregnant  not 
flowing  to  fill  up  bends.  Paper  itself  is  very  hygroscopic,  and  no 
impregnation  renders  it  waterproof  to  the  extent  required  for 
insulating  purposes;  hence  it  is  most  important  to  protect  all 
joints  and  ends  during  laying,  and  to  keep  them  perfectly  sealed 
when  in  service. 

Varnished  cambric  (Empire  cloth )  is  used,  particularly  in 
America,  as  insulation  for  cables  which  may  be  exposed  to  oil 
or  acid  as  in  the  case  of  connecting-cables  in  power  houses,  switch¬ 
boards,  accumulator  rooms,  etc.  In  these  applications  the  cable 
can  be  used  with  a  simple  braiding  and  the  ends  need  not  be 
sealed.  Though  much  less  hygroscopic  than  paper,  varnished 
cambric  must  be  lead  sheathed  if  it  is  to  be  used  underground. 
For  underground  service  paper  insulated  cables  are  generally  to 
be  preferred. 

British  Standard  thicknesses  of  dielectric,  sheathing,  and 
armouring  for  various  types  and  classes  of  cable  are  specified 
fully  in  B.E.S.A.  Report,  No.  7. 

288.  Extra  High-pressure  Cables. — The  object  of  using  very 
high  pressures  for  transmission  purposes  is  to  reduce  the  weight 
of  metal  required  to  conduct  the  power  in  question.  However, 
this  idea  must  not  be  carried  too  far,  particularly  in  insulated 
cables.  The  electrostatic  strain  on  the  insulation  surrounding  a 
charged  conductor  increases  with  the  pressure  to  which  the  latter 
is  charged,  and  also  increases  with  the  curvature  of  the  conductor, 
i.e.  is  greater  for  a  small  wire  than  for  a  larger  wire  charged  to 
the  same  pressure.  The  minimum  permissible  conductor  radius 
in  a  high-tension  cable  is  r  =  (V  /  S)  cms.,  where  V  =  R.M.S.  volts 
p.d.  between  conductor  and  sheathing,  and  S  =  maximum  safe 
dielectric  stress  in  R.M.S.  volts  per  cm.  ( see  also  §  72).  This 

405 


§  289  ELECTRICAL  ENGINEERING  PRACTICE 

assumes  that  the  conductor  is  circular  in  section.  If  it  be 
stranded,  the  sharp  curvature  of  the  outer-strand  conductors 
themselves  will  intensify  the  electrostatic  stress,  but  this  may  be 
overcome  by  pressing  a  lead  sheathing  on  to  the  stranded  con¬ 
ductor  so  as  to  give  it  a  smooth  cylindrical  surface.  If  the  mini¬ 
mum  radius  r,  determined  by  consideration  of  electrostatic  stress, 
be  greater  than  the  radius  dictated  by  consideration  of  electrical 
conductivity  and  mechanical  strength,  the  weight  and  cost  of  the 
conductor  may  be  kept  down  by  adopting  a  tubular  section  of 
external  radius  r.  A  rigid  tube  of  metal  would  be  of  very  limited 
applicability,  but  flexibility  may  be  maintained  by  using  a  ring  of 
small  conductors  laid  on  to  a  lead-tube  core,  to  keep  them  in  posi¬ 
tion,  and  sheathed  with  lead  to  obtain  a  smooth  circular  periphery. 
By  using  a  paper  tube  as  mandrel  for  the  outer  ring  of  conductors, 
and  placing  an  ordinary  stranded  conductor  inside  the  paper  tube, 
the  ‘  split  conductor J  needed  by  the  Merz-Price  protective  gear 
(§  359)  can  be  obtained  without  increasing  the  overall  conductor 
diameter  (as  compared  with  the  previously  mentioned  lead-tube 
core  construction). 

There  is  no  special  difficulty  in  insulating  cables  for  pressures 
up  to  20  000  Y  between  cores,  and  3-core,  33  000  Y  cable  is  now 
a  standard  commercial  product.  If  required,  3-core,  44  000  V  or 
66  000  Y  cable  could,  it  is  believed,  be  supplied  under  satisfactory 
guarantees.  For  underground  transmission  at  higher  pressures 
between  phases  it  would  probably  be  cheaper  and  safer  to  use 
single-core  cables  ( see  also  §  319).  The  Gennevilliers  (Paris) 
system  uses  considerable  lengths  of  33  000  V  single-core  cable, 
with  60  000  Y  between  phases. 

A  typical  British  3 -core  cable  for  operation  at  33  000  V  between  phases  has 
three  stranded  conductors,  each  of  0*2  sq.  in.  section  and  covered  with  J  in.  layer 
of  paper ;  round  the  three  cores  is  another  £  in.  layer  of  paper,  outside  which 
comes  the  lead  sheathing,  a  jute  bedding,  double  armouring,  and  the  outer  serv¬ 
ing  of  jute.  There  is  thus  J  in.  of  paper  between  cores  and  between  each  core  of 
the  lead  sheath.  The  cable  is  about  4  ins.  diameter  overall  and  weighs  72  lbs.  per 
yard. 

289.  Graded  Insulation  and  Intersheaths  for  E.H.T. 
Cables. — Graded  Insulation. — Where  a  charged  cylindrical  con¬ 
ductor  is  surrounded  by  a  uniform  thickness  of  a  homogeneous 
insulating  material,  the  electrostatic  stress  on  the  latter  is  much 
more  intense  on  the  inner  layers,  adjacent  to  conductor,  than  on 
the  outer  layers.  In  other  words,  the  ‘  potential  gradient  *  is  not 
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uniform,  and  the  inner  layers  of  insulation  may  be  broken  down 
or  deteriorated  by  overstrain  (see,  however,  §  72).  One  way  of 
overcoming  this  difficulty  is  to  use  successive  layers  of  different 
insulating  materials  having  different  specific  inductive  capacities. 
The  complete  insulation  then  consists  of  a  number  of  concentric 
tubular  condensers  connected  in  series,  and  the  distribution  of 
pressure  through  the  insulation  is  determined  by  the  electrostatic 
capacity  (§§  46, 60,  *79,  107  ii)  of  the  several  layers.  Theoretically, 
the  total  electrostatic  stress  could  be  distributed  uniformly 
through  the  whole  thickness  of  insulation  by  this  means,  but  in 
practice  the  method  involves  grave  difficulties.  In  the  first  place, 
consideration  of  manufacturing  cost  limits  us  to,  say,  three  or 
four  layers  of  insulation,  so  that  the  resultant  pressure  gradient 
curve  consists  necessarily  of  a  number  of  f  steps.’  The  chief  diffi¬ 
culty,  however,  is  to  obtain  even  a  few  insulating  materials  of 
suitable  electrical  and  mechanical  properties,  which  can  be  used 
in  the  first  place  and  relied  upon  to  preserve  their  properties  un¬ 
changed,  and  not  to  attack  each  other  chemically  in  the  course  of 
twenty  or  thirty  years.  The  intersheath  method  is  more  flexible 
and  probably  more  reliable. 

Inter  sheaths. — An  alternative  method  of  maintaining  definite 
potentials  at  certain  depths  in  the  insulation,  thus  ensuring  that 
the  electrostatic  stress  across  intervening  parts  shall  not  exceed 
a  predetermined  maximum,  consists  in  laying  on  thin  metallic 
sheathings  from  time  to  time  during  the  application  of  the  insula¬ 
tion,  which  is  itself  of  the  same  material  throughout.  There  are 
thus  obtained  a  series  of  concentric  electrodes  in  the  insulation, 
which  can  he  ‘  anchored  ’  at  any  desired  potential ;  the  potential 
gradient  in  the  outer  layers  of  insulation  may  be  higher  than  in 
the  inner  layers  because  the  outer  layers  are  cooler  and  therefore 
of  higher  insulation  resistance  (§  71)  and  lower  dielectric 
loss.  The  potentials  of  the  c  intersheaths  ’  may  he  fixed  by  con¬ 
densers  connected  between  them,  or  by  tapping  connections  from 
transformer  or  generator  windings  at  suitable  points,  or,  in  the 
case  of  high-tension  C.C.  on  the  Thury  system  (§  317),  by  small 
natural  or  artificial  leakage  currents,  tappings  being  taken  from 
the  connections  of  the  series-connected  generators.  The  inter¬ 
sheaths  themselves  maybe  of  lead;  they  can  then  be  applied  easily 
with  smooth  interior  and  exterior  surface,  and  the  cable  can  be 
tested  thoroughly  after  each  intersheath  is  applied — which  is  an 
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important  manufacturing  advantage.  The  intersheaths  may  also 
he  used  for  maintenance  tests  in  service  (Chapter  40)  ;  or  they 
maybe  of  copper  wire  and  used  for  power  transmission  (§  319). 

As  described  by  Beaver  (Jour.  I.E.E.  Vol.  53,  p.  57),  a  single  cable  designed 
lor  use  in  a  3-phase  line,  lor  a  working  pressure  of  100  kV  per  phase  and  a  break¬ 
down  pressure  of  250  kV  per  phase,  consists  of  an  inner  lead  tube  of  0*27  in.  bore 
and  0*06  in.  radial  thickness,  on  which  is  a  single  layer  of  nineteen  15  S.W.G. 
wires  sheathed  by  an  outer  lead  tube  of  0*05  in.  radial  thickness.  The  first  layer 
of  paper  insulation  is  0*  545  in.  in  thickness,  and  is  covered  by  a  0*05  in.  lead  inter¬ 
sheath.  The  second  layer  of  paper  is  0*  565  in.  thick,  and  the  outer  lead  sheath 
is  0*16  in.,  bringing  the  overall  diameter  of  the  cable  to  3*27  ins.  The  maximum 
stress  in  the  dielectric  at  the  working  pressure  is  52  kV  per  cm.,  giving  a  factor  of 
safety  of  about  2J.  By  accepting  a  lower  factor  of  safety,  the  overall  diameter 
could  be  reduced  yet  further. 

The  difficulties  encountered  in  manufacturing  intersheath 
cables  have  been  overcome,  and  sample  100  000  V  cables  have 
given  satisfactory  results  on  test.  The  conditions  calling  for 
grading  (either  by  graded  insulation  or  by  intersheaths)  are: 
(1)  working  pressures  exceeding  60  kV ;  (2)  maximum  stresses 
above  60  kV  per  cm.  ;  (3)  where  cable  diameters,  without  grad¬ 
ing,  would  exceed,  say,  3  ins.  For  most  practical  purposes  one 
intersheath  will  suffice.  The  saving  possible  by  using  graded 
cable  is  greater  the  higher  the  working  pressure  and  the  smaller 
the  conductor  to  be  insulated.  In  the  present  state  of  practice, 
such  cables  as  considered  above  are  required  only  for  short- 
distance  interconnecting  with  e.h.t.  transmission  lines  I  in  city 
areas  or  round  about  power  houses,  railways,  etc.  Should  long 
intersheath  cables  come  into  use,  their  considerable  capacity 
current  (§  311)  will  necessitate  ‘feeding'  the  intersheaths  at 
intervals  along  the  line,  unless,  of  course,  the  Thury  C.C.  system 
(§  317)  is  employed. 

290.  Cable  Construction,  Jointing,  and  Laying. — The  con¬ 
ductors  in  cables  are  generally  stranded  and  of  circular  cross- 
section,  either  of  rope  form  (two  conductors  being  placed  side  by 
side,  or  three  at  the  apices  of  a  triangle),  or  tubular,  as  in  con¬ 
centric  cables.  Single-core  cables  are  easier  to  make,  lay,  and 
joint  than  3-core  cables,  but  the  eddy  current  losses  in  the  sheaths 
are  heavier  and  if  single-core  A.C.  cables  be  armoured  the  induct¬ 
ance  becomes  excessive.  Probably  the  largest  3-core  cable  yet 
built  is  a  3  x  0*5  sq.  in.,  11  000  V  cable  connecting  a  12  000 
kVA  generator  to  the  bus  bars  in  the  Neepsend  station.  The  use 
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Rubber  Insulated  Cables. 

riic  upper  illustration  shows  a  small  single-core  cable  and  the  lower  a  concentric 
cable.  The  tinned  copper  conductor  is  first  covered  with  a  layer  of  pure  rubber. 
Outside  this  there  is  a  layer  of  separator  rubber  (usually  light  coloured)  containing  a 
small  percentage  of  sulphur;  and  then  the  jacket  rubber,  with  the  full  quantity  of 
sulphur  for  vulcanisation.  The  cable  is  lapped  with  proof-tape,  vulcanised,  cotton- 
braided,  and  impregnated  with  ozokerite  compound.  In  the  concentric  cable,  a  tape 
containing  a  laige  proportion  of  zinc  oxide  is  placed  between  the  outer  conductor  and 
the  taping  of  the  inner. 


B.I.  &  Helsby  Cables,  Ltd. 
V ulcaniskd  Bitumen  Cable. 


The  vulcanised  bitumen  is  applied,  under  high  pressure,  to  the  conductor  while 
warm.  A  thin  separator  of  impregnated  paper  is  sometimes  interposed  between  the 
conductor  and  the  bitumen. 


Paper-Insulated  Lead-Sheathed  Cable. 

Cross-section  of  three-core,  OT  sq.  in.  cable  to 
B.E.S.A.  specification  for  10  000  V.  Insulated  with 
impregnated  paper,  lead-sheathed,  served  with  com¬ 
pounded  jute,  double  steel  tape  armour,  and  com¬ 
pounded  jute  serving  overall. 


G.E.C.  ( London ). 


[To  face  jp.  408. 


Insulated  Pow.hr  Cables  Carried  by  Overhead  Steel  Wires. 


Tho  throe  cables  illustrated  (0*04  sq.  in.  and  0*06  sq.  in.  for  2  200  V,  and  7  /  15* 
S.W.G.  for  G  GOO  V)  are  all  3-core,  paper- insulated,  lead-covered  cables  with  weather¬ 
proof  serving.  They  are  suspended  from  a  19  /  14  S.W.G.  steel  suspension  wire  on 
steel  towers  at  about  81  yds.  span ;  and  tho  height  of  the  wires  above  ground  is  about- 
45  ft.  Fully  insulated  and  served  cables  were  employed  because  of  corrosive  fumes, 
from  blast  furnaces  near  by,  and  because  the  cable  passes  over  several  roads  and 
railways.^  Also,  it  is  intended  to  mount  steam  pipes  on  the  same  towers,  and  it  would 
lie  undesirable  for  men  to  work  on  these  pipes  below  bare  high-tension  wires. 


1 T.  T.  Henley's  Telegraph  Works  Co . ,  Ltd. 

Solid-Type  Branch  Box  for  3-  or  4-core  Paper-Insulated,  Lead- 
Covered  and  Armoured  Cables. 

The  tec-connections  are  made  by  means  of  tinned  brass  connectors  with  steel 
grub-screws  and  solder  holes.  The  cores  are  held  apart  by  porcelain  spreaders  and 
tho  box  is  filled  with  molten  insulating  compound  through  apertures  provided  in  the 
cover  (not  shown  in  the  figure). 

[To  face  p.  409. 
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of  tubular  or  ring-formed  conductors  to  reduce  el er 
is  discussed  in  §  289.  Individual  cores  may  bead  th(f e  should 
concentric  sections  lightly  insulated  frqm  eacPP  or  U1*ne  °  ^  e 
circular  form  (or  elliptical  form  in  3-core  cables^  ffs  000  arP 

to  use  the  split-conductor  protective  systeW  L  es*  or  ms>  an 
‘pilot ’wires  are  then  unnecessary.  The  ellif1 lar1^  to  be  Suarded 
ductor  saves  space  as  compared  with  circul  „ 
unduly  increasing  electrostatic  strain.  Up  to  1  0b°*  varlo^s  types  0 
shaped  cores  effect  important  saving  in  size  ar/  ©cause  i 

cables,  particularly  when  the  copper  seetio^e  f  Sf  6  6  cfme  Y 

In  high-tension  cables  the  additional  insul0  -^  ?  •  r  m  LI 

enhanced  electrostatic  stress  at  the  corD>  ,e<?  m  Table  ^  §  280’ 
balances  the  saving  otherwise  to  be  derive^®9  °f 9  an°„  ^  an. 

form  of  the  sectors.  The  economic  paV  rature  o£  the  air 
conductors  are  reviewed  in  §§  308,  331  ^  emPera“ 

ductor  is  about  29  ’/„  larger  in  diameter  ^  ^  20  /'  m  the  “f®  °{ 
l*  t  j  ,•  -x  ih  ,  irv^0  ©or  paper-msulated 

or  equal  conductivity,  the  extra  msrjw  F  F, ,  . 

.  ,  .  .  J  ,  i  _  _■»  .^permissible  m  multi- 

quired  is  a  serious  consideration.  -  ,  .  .  r„  , , 

T  i  I  •  /  •  i  ,  ,,  •  f  the  values  given  m  Table 

Insulating  materials  and  their  grading  ...  .  .  #  „ 

287,  289.  A  point  of  some  importance  in  laying  out  n?s  ’  or 

bution  schemes  is  the  possibility  of  saving  money  hy 

cables  which  can  subsequently  be  operated  at  higher 

than  at  first,  the  change  being  made  when  demanded  Uy6^  knowing 

in  the  load  supplied.  The  question  whether  an  existing  c 

safely  be  run  at  higher  pressure  than  was  originally  contend -  .*  The  safe 

depends  upon  the  factor  of  safety  then  allowed,  and 

history  of  the  cable  in  service,  i.e.  the  average  and  mas^^go) for 

current  densities  at  which  it  has  been  worked  and  the  pro  in  ducts 

surges  to  which  it  has  been  exposed.  As  explained  in  §  298’assuining 

cables  must  withstand  higher  maximum  pressures  (apart  fier  ttan 

surges)  than  C.C.  cables  working  at  the  same  effective  pressu.f(ained 

Also  the  maximum  dielectric  stress  (§  289)  must  be  kept  dowi.r  as 

in  A.C.  cables  to  avoid  serious  heating  by  dielectric  losses  (§  312). 

Single  or  double  armouring  may  be  used,  according  to  local 

conditions,  if  the  cable  is  to  be  laid  directly  in  the  ground ;  and 

it  is  then  a  sound  precaution  to  place  a  row  of  tiles  or  the  like 

over  the  cable  before  filling  in.  Round  wires  are  generally  used 

for  armouring,  fewer  being  required,  though  they  are  heavier  than. 

segmental  wires.  Tape  armouring  tends  to  pull  open  undor 

tension  (as  in  pit-shaft  cables).  The  conductivity  of  the  armouring 
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>ast  50  °/o  of  that  of  the  largest  conductor  en- 
'  cables  (Chapter  32)  ;  in  single-armoured  cables, 
ay  have  25  %  of  the  conductivity  of  the  largest 
^copper  sheath  within  but  separated  from  the 

■i  frequently  employed.  To  resist  corrosion  by 
be  galvanised  and  covered  by  an  impregnated 
Spy  tic  corrosion  of  cables  by  stray  earth- current 

lik.  system  'of  laying  cables,  the  latter  are  placed  on 

yjbrs  in  a  cast-iron  or  stoneware  trough,  which  is 

- bitumen  or  compound  and  closed  by  a  cover- 

m  unarmoured  cables  are  generally  employed. 

Insulated  p0vv:%ms  are  n°t  satisfactory  in  the  tropics,  but 

jpP^and ;  the  facility  with  which  fresh  cables 
The  three  cables  ,  »  .  .  ,  , 

SAV.G.  for  6  600  Y)  a**  aru^cs  withdrawn  ror  repair,  is  an  important 

proof  serving.  They  *  heavy  traffic  on  roads  is  apt  to  injure 

steel  towers  at  about  n  t  tit 

45  ft.  Fully  insuiatye  ,.ne ;  m  such,  cases  flexibility  should  be 

from  blast  furnaces  near  't^W^  cafele  c  direct  ’  or  by  laying  it  on  the 
railways.  Also,  it  is  mtencW1  J  J  ° 

be  undesirable  for  wub'Alble  wooden  troughmg. 

;  laid  directly  in  the  ground  or  on  the  solid  system  have 


ilities  for  cooling  than  cables  which  are  drawn  into 
he  drawing-in  process  necessarily  involves  some  risk  of 
••  the  cable.  The  cost  of  trenching  and  tunnelling  when 
doles  may  often  be  greatly  reduced  by  using  the  Mangnall- 
thrust  borer/  This  is  an  hydraulic  machine  which  drives 
of  any  desired  diameter  (up  to  12  ins.  as  a  maximum  under 
;able  circumstances)  on  a  predetermined  alignment  through 
rth  between  two  access  pits  which  may  be,  say,  40  ft.  apart, 
soil  is  displaced  (not  removed)  and  the  hole  is  thus  left  with 
nsolidated  surface  which  will  allow  a  cable  to  be  drawn  through 
.ohout  undue  resistance.  If  desired,  pipes  can  be  left  in  the 
iole  as  it  is  bored  (EL  JRev .,  VoL  90,  p.  545). 

Joints  in  cables  may  be  made  in  junction  boxes  or,  perman¬ 
ently,  in  the  run  of  the  cable  itself.  In  the  latter  case  the  general 
aim  is  to  make  the  joint  electrically  as  similar  as  possible  to  the 
cable  itself.  Insulating  material,  such  as  impregnated  paper 
strip  or  rubber  tape,  may  be  built  on  to  jointed  conductors,  or 
the  conductors  may  be  held  apart  by  porcelain  or  other  separators, 
a  lead  casing  being  then  wiped  on  to  the  lead  sheathing  at  each 
side  of  the  joint  and  filled  with  molten  insulating  compound. 
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§  291 

The  latter  should  be  kept  warm  for  a  time,  and  there  should  be 
a  reserve  of  hot  compound  in  the  extended  top  or  funnel  of  the 
casing  to  make  up  for  contraction  as  the  mass  cools.  Sharp 
edges  or  points  of  solder  on  the  joint,  air-bubbles  or  films,  and 
inclusion  or  ingress  of  moisture  are  particularly  to  be  guarded 
against,  especially  in  h.t.  cables. 

291.  Heating  of  Cables. — The  heating  of  various  types  of 
cables  under  various  service  conditions  is  important  because  it 
determines  the  maximum  current  which  may  safely  be  carried  by 
the  cable.  The  current-carrying  capacities  of  rubber  insulated 
and  paper  or  fibre-insulated  cables  as  specified  in  Table  40,  §  280, 
apply  to  single  cables  run  in  pairs  and  touching  one  another  and 
refer  to  situations  where  the  maximum  temperature  of  the  air 
does  not  exceed  80°  F. ;  also,  they  correspond  to  a  rise  in  tempera¬ 
ture  (above  that  of  the  surrounding  air)  of  20°  F.  in  the  case  of 
rubber-insulated  cables  and  50°  F.  in  the  case  of  paper-insulated 
cables.  To  determine  the  maximum  current  permissible  in  multi- 
core  cables  (for  the  same  temperatures),  the  values  given  in  Table 
40  must  be  multiplied  by  0  93  for  concentric  cables ;  0'88  for 
3-core  cables  ;  and  0’82  for  4-core  cables. 

The  Henley  Manual  gives  tables  of  current-carrying  capacities  of  insulated 
cables  (for  pressures  up  to  6  000  V)  based  approximately  on  the  following 
data : — 

(a)  For  situations  where  tiie  air  temperature  does  not  exceed  80°  F.  :  The  safe 
carrying  capacities  for  two  single  cables  laid  together  are :  For  rubber  cables 
erected  in  air,  wood  casing,  exposed  or  buried  conduit ;  and  for  paper,  lead- 
sheathed  cables  in  ducts  underground;  the  same  as  shown  in  Table  40  (§  280)  for 
rubber  and  paper  cables  respectively.  For  bitumen  insulated  cables  in  ducts 
underground,  about  0-9  times  the  values  for  rubber-insulated  cables  (assuming 
that  the  bitumen  cable  is  not  allowed  to  reach  a  total  temperature  higher  than 
110°  F.) 

The  safe  current  for  one  single  cable  or  for  one  multi-core  cable  is  obtained 
approximately  by  multiplying  the  value  for  two  single  cables  by  a  factor  as 
follows  : — 


For  one  single  cable  multiply  by  IT. 

For  one  concentric  (or  twin)  cable  multiply  by  0’93. 

For  one  3-core  cable  multiply  by  0-88. 

For  one  4-core  (or  twin  concentric)  cable  multiply  by  0-82. 

If  several  cables  are  laid  together ,  multiply  the  safe  current  for  one  cable  by  0*9 
for  two  cables ;  by  0-85  for  three  cables ;  and  by  0*8  for  four  cables. 

If  the  cable  is  installed  otherwise  than  stated  above ,  multiply  the  value  so  far 
obtained  for  tbe  safe  current  by  a  factor  as  follows : — 
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Method  of  Installation. 

Rubber  Cable. 

Paper,  Lead-sheathed  Cable 
or  Bitumen  Cable. 

Cleated  to  wall  .... 

1*0 

0*9 

In  underground  duct 

1*1 

1*0 

Solid  system . 

1*2 

1*1 

Direct  in  dry  soil  .... 

1*3 

1*2 

,,  ,,  wet  ,,  .  •  •  * 

1*4 

1*3 

Under  water . 

1*5 

1*5 

(b)  For  situations  where  the  air  temperature  exceeds  80°  F.  In  addition  to 
the  correction  factors  given  above,  which  must  be  applied  successively  in  so  far  as 
they  are  applicable,  the  safe  current  value  now  obtained  must  be  multiplied  by  a 
factor  to  allow  for  the  higher  initial  temperature  of  the  air,  as  follows  : — 


Initial  Air 
Temperature. 

Rubber 

Cables. 

Paper 

Cables. 

Bitumen 

Cables. 

°  F. 

SO 

0*87 

0*93 

0*82 

100 

0*71 

0-85 

0*58 

110 

0*50 

0*76 

— 

120 

— 

0*65 

— 

130 

— 

0*54 

— 

140 

— 

0*38 

— 

Example. — What  is  the  safe  current  for  four,  3-core  paper  cables  laid  solid  in 
a  situation  where  the  initial  air  temperature  is  110°  F.  ?  Each  core  is  a  7  /  *064 
conductor. 

From  Table  40,  the  safe  current  for  two  single  paper  cables  of  this  size  is 
75  A.  Multiplying  this  value  successively  by  0*88  because  3-core  cables  are  con¬ 
cerned  ;  by  0*8  because  four  cables  are  laid  together ;  by  1*1  because  the  cables  are 
laid  solid  ;  and  by  0*76  because  the  initial  temperature  is  110°  F.,  we  have  :  Safe 
current  =  75  x  0*88  x  0*8  x  1*1  x  0*76  =  44  A  (approx.). 

It  should  be  noted  that  the  air  temperature  in  the  shade  is  no  guide  to  the 
temperature  2  or  3  ft.  below  ground  where  the  surface  is  exposed  to  the  full  sun 
and  may  reach  160°  F.  or  higher  temperature. 

The  heating  in  a  buried  cable  on  load  varies  with  the  method 
of  laying,  with  the  thermal  properties  of  the  insulating  materials, 
and  with  the  current  density  in  the  cable  ( see  also  I.E.E.  Report , 
§  293).  If  the  temperature  rise  be  excessive  the  insulating 
material  deteriorates  and  the  cores  in  vulcanised  bitumen  cables 
may  be  decentralised.  The  total  temperature  should  not  ex¬ 
ceed  120°  F.  for  rubber  cables;  150°  F.  for  paper  cables;  and 
110°  F.  for  bitumen  cables.  In  practice,  trouble  due  to  overheat¬ 
ing  generally  takes  the  form  of  pulling-out  at  joints,  and  of 
broken  or  crumpled  sheathing,  due  to  the  forces  of  expansion  and 
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contraction ;  direct  injury  by  the  actual  temperature  attained  is 
seldom  experienced.  ’  In  emergency,  the  carrying  capacity  of 
cables  laid  in  ducts  can  be  increased  by  forcing  cool  air  through 
the  ducts  by  blowers  situated  at  alternate  manholes,  the  warm 
air  escaping  at  the  intermediate  manholes.  Cables  supplying 
cyclic  loads  {i.e.  loads  which  demand  current  for  relatively  short 
periods  followed  by  periods  of  little  or  no  demand)  may  carry 
considerably  higher  current  than  would  be  permissible  continu¬ 
ously  ;  the  actual  safe  current  can  only  be  determined  by  plotting 
the  heating  and  cooling  curves  of  the  cable  from  tabulated  ex¬ 
perimental  data,  or  by  direct  measurement  of  the  steady  tempera¬ 
ture  reached  after  a  prolonged  series  of  duty  cycles. 

[At  the  time  of  going  to  press  a  report  on  the  heating  of  buried  cables  is  in 
preparation  by  the  B.E.R.A.  and  will  be  published  in  the  Journal  of  the  I.E.E.] 

292.  Submarine  Cables. — There  are  a  number  of  cases  in 
which  electric  power  cables  (as  distinct  from  telegraph  and  tele¬ 
phone  cables)  are  laid  in  sea-water,  across  bays,  channels,  estu¬ 
aries,  etc.  The  following  notes  are  instructive: — 

Two  cables  were  laid  (in  1915)  a  distance  of  13  000  ft.  across  the  Golden  Gate 
(San  Erancisco)  to  deliver  18  000  H.P.  at  11  000  V.  Each  cable  has  three  copper 
cores  (of  350  000  circ.  mil  *  area  at  the  shore  ends  and  250  000  circ.  mil  *  for  the 
deep-water  sections),  insulated  by  rubber  and  varnished  cambric,  and  enclosed  in 
a  5/32-in.  lead  sheath.  Two  layers  of  jute  form  a  cushion  for  the  steel  armouring, 
which  in  turn  is  covered  by  jute  and  a  layer  of  sand  and  asphaltum.  The  overall 
diameters  of  the  shore  end  and  deep-water  sections  of  the  cable  are  4J  ins.  and 
4  ins.,  the  weights  being  22  and  19  lbs.  per  ft.  respectively.  Since  the  tide  runs 
at  6  knots  and  the  water  is  over  200  ft.  deep  (from  which  depth  the  cable  could 
not  safely  be  hoisted  for  repair),  each  power  cable  is  carried  by  a  lf-in.  stranded 
steel  messenger  cable.  The  two  cables  are  bound  together  by  a  continuous  wind¬ 
ing  of  two  galvanised  wires,  soldered  every  12  ins.  (to  prevent  unwrapping  should 
the  wire  break),  and  wound  in  a  number  of  turns  at  one  point  every  20  ft.  The 
messenger  cable  relieves  the  cable  and  joints  from  all  tension.  There  are  eleven 
splices  in  each  completed  cable.  The  safe  carrying  capacity  of  the  cables  is  350  A 


*Tn  the  U.S.A.  the  standard  unit  in  which  to  express  the  sectional  area  of 
wires  is  the  circular  mil  (circ.  mil  or  C.M.).  The  term  circular  mil  denotes  the 
area  of  a  circle  1  mil  or  0*  001  in.  in  diameter ;  hence  1  circ.  mil  =  0*  785  4  sq. 
mil  =  7*854  x  10-7  sq.  in.  =  5- 067  x  10-4  sq.  mm.  The  sectional  area  of  a 
round  wire  in  circ.  mils  is  numerically  equal  to  the  square  of  its  diameter  expressed 
in  mils  (i.e,  in  thousandths  of  an  inch).  Conversely,  the  diameter  of  the  wire  in 
mils  =  ^/(Area  in  circ.  mils).  Thus  350  000  circ.  mils  =  0*  274  9  sq.  in.,  and  is 
equivalent  to  a  solid  round  wire  of  ^350  000,  i.e.  590  mils  or  0*59  in.  diameter. 
Similarly,  250  000  circ.  mils  =  0*  196  4  sq.  in.,  and  is  equivalent  to  a  round  wire 
of  0*5  in.  diameter. 
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or  400  A  in  emergency.  The  specification  required  a  test  pressure  of  30  000  V, 
60  cycles  between  cores  for  80  mins. ;  the  actual  break-down  pressure  is  100  000  V 
between  cores  ( see  also  El.  Rev.,  78,  443). 

More  recently  a  25  000  V  cable  has  been  laid  3J  mis.  under  the  sea,  at  a  maxi¬ 
mum  depth  of  125  ft.,  between  Palsjo  (Sweden)  and  Marienlyst  (Denmark).  This 
cable  supplies  about  5  000  kW,  3-phase  A.C.,  and  uses  impregnated  paper  insula¬ 
tion,  a  fact  which  involved  very  great  care  in  making  joints  at  sea  whilst  laying 
the  cable.  The  twin  copper  cores  (0*  019  sq.  in.  each)  are  insulated  for  35  000  V, 
and  the  cable  is  lead-sheathed,  and  armoured  by  special  Z-shaped  wires.  The 
overall  diameter  is  3*6  ins.,  and  the  weight  19  lbs.  per  ft.  run.  Iron  coupling 
boxes  5  ft.  in  length  transmit  strain  in  the  armouring  across  the  lead-sheathed 
joints,  of  which  there  are  eight.  A  steel  cable  is  laid  alongside  to  protect  the 
power  cable  from  damage  by  anchors. 


As  will  be  gathered  from  these  particulars,  any  waterproof 
cable  of  suitable  mechanical  strength  can  be  used  under  water,  the 
chief  problem  being  to  provide  for  laying  and  recovering  it  with¬ 
out  mechanical  injury.  The  stiffness  of  adequately  armoured 
cables  makes  them  difficult  to  handle  ;  for  this  reason  and  because 
of  the  high  capacity  of  the  cable  (§  311)  the  length  of  submarine 
power  cables  is  limited  to  a  few  miles.  The  cable  may  be  carried 
on  the  cable-laying  ship  by  a  drum  capable  of  rotation  about  a 
vertical  axis,  or  it  may  be  coiled  in  figure-of-eight  formation  on 
deck.  The  external  covering  of  compounded  jute  is  mainly  useful 
in  preventing  damage  during  laying.  It  is  difficult  to  make 
splices  whilst  laying  the  cable,  and  splices  are  always  a  source  of 
electrical  and  mechanical  weakness;  they  may  be  avoided,  in 
cables  of  2  mis.  or  so  in  length,  by  using  cable  insulated  with 
rubber  compound  and  with  no  lead  sheathing. 


The  construction  of  a  cable  of  this  type  laid,  in  1922,  between  N.  Brothers  and 
Bikers  Islands,  East  Biver  (N.Y.)  is:  Two  No.  0  A.W.G.  stranded  conductors, 
e,ach  insulated  with  £f-  in.  of  30  0/o  rubber  compound  and  covered  by  one  rubber 
filled  tape.  The  insulated  conductors  are  twisted  with  paraffined  jute  fillers,  and 
over  this  is  a  rubber  filled  tape  and  two  layers  of  asphalted  jute.  The  latter 
serves  as  bedding  for  a  layer  of  No.  6  A.W.G.  galvanised  steel  wire  armour  (drawn 
through  asphaltum  compound  before  application) ;  outside  this  is  a  layer  of  No.  4 
A.W.G.  galvanised  steel  wire  wound  in  the  opposite  direction.  The  complete 
cable  is  2*92  ins.  outside  diameter  and  weighs  31*8  lbs.  per  yard. 
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CHAPTER  14. 


TRANSMISSION  OF  POWER :  OVERHEAD  AND 
UNDERGROUND. 

294.  D.C.  and  A.C.  Calculations. — In  this  chapter  examples 
are  first  worked  out  by  approximate  formulae  which  give,  near 
enough  for  practical  purposes,  the  results  required;  then  the 
more  ordinary,  but  less  simple,  methods  of  working  are  explained. 
Transmission  of  power  by  continuous  current  is  practically  con¬ 
fined  to  feeders,  except  where  the  Thury  high-pressure,  constant 
current,  series  system  is  employed  (§  317).  The  calculation  for 
the  size  of  the  conductors  for  D.C.  working  is  quite  straight¬ 
forward  ( see  §  296),  there  being  then  no  question  of  power  factor 
or  self-induction.  With  alternating  current,  on  the  other  hand, 
complications  are  introduced  by  the  fact  that  the  pressure  and 
current  are  seldom  in  phase ;  causes  of  low-power  factor  and 
typical  values  for  the  P.F.  at  each  end  of  transmission  lines  are 
given  in  §§  156,  157.. 

It  must  always  be  remembered  that,  although  laboratory  tests 
are  capable  of  exact  calculation,  the  size  of  conductors  in  trans¬ 
mission  lines  must  be  one  that  is  manufactured,  and,  even  so,  a 
variation  of  2  °/o  is  permissible  in  the  resistance  and  weight. 
Again,  the  exact  length  of  the  conductors  (which  in  hilly  country 
is  by  no  means  the  scaled  length  on  a  map),  their  spacing-  and 
temperature,  and  the  actual  maximum  load  to  be  carried,  are  all 
approximations  when  the  calculations  are  made.  So  also  is  the 
power  factor  of  the  load,  which  is  speculative  until  consumers’  re¬ 
quirements  are  definitely  known.  On  this  account  some  of  the 
calculations  following  are  really  carried  unnecessarily  far,  although 
only  slide-rule  results.  If  numerical  examples  are  not  worked  out 
fairly  closely,  they  may  not  be  clear. 

295.  General  Formulae  for  Copper. — The  approximate  sec¬ 
tional  area  of  the  conductor,  in  square  inches,  required  for  any 
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transmission  line,  may  be  found  by  the  following  formula, 
viz. : — 

.  kW  x  D  x  n  , 

Area  =  ™ - r - tt™  where 

V2  x  L  x  P.F. 

kW  —  kilowatts  delivered  at  end  of  line  ; 

D  =  route  yards  in  length  of  line  ;  not  lead  and  return  ; 

V  —  voltage  at  point  of  use ; 

L  =  percentage  loss  of  V  (as  5  or  10,  not  as  a  decimal) ; 
n  =  a  constant  as  follows  : — 

(i)  D.C.  or  1-phase,  2-wire  system  .  .  .  n 

(ii)  D.O.  or  1-phase,  3-wire  system  ;  V  measured  across 

outers ;  for  outer  conductors . n 

Note. — The  neutral  is  generally  taken  half  the  size  of  the 
Chapter  20). 

(iii)  D.C.  or  1-phase,  3- wire  system  ;  V  measured  between 

outer  and  neutral ;  for  outer  conductors  .  .  n 

(iv)  3-phase  mesh  or  star  system ;  V  measured  between 

any  2-phase  wires . n 

(v)  3-phase  star  system ;  V  measured  between  outer  and 

neutral . n 

P.F.  =  power  factor  of  the  load  at  the  receiving  end  (§  157). 

Some  engineers  work  out  their  lines  from  the  generator  end, 
assuming  the  power  required  there  and  the  percentage  loss  of  the 
pdwer  and  pressure  of  the  generator ;  in  the  case  of  small  powers 
this  can  be  done,  but  in  a  complicated  scheme  it  is  obviously 
preferable  to  work  out  the  power  required  at  the  point  of  utilisa¬ 
tion,  and  to  decide  on  the  pressure  at  the  lamps  and  motors,  and 
then  to  work  backwards  to  the  plant.  Where  transformers  are 
involved  the  latter  part  of  §  313  shows  the  advantage  of  this 
method.  Having  found  the  cross-sectional  area  of  the  conductor, 
a  reference  to  the  table  of  cables  (§  280)  or  solid  wires  (§  307), 
as  the  case  may  be,  will  show  which  standard  size  is  nearest  to 
the  required  size,  and  this  should  be  taken.  Then  the  weight  of 
the  conductors  in  lb.  per  yd.  will  be  11*56  times  the  area  in  sq. 
ins.,  and  this,  multiplied  by  D,  the  length  of  the  line,  will  give  the 
total  weight  of  each  wire.  There  will  of  course  be  two  such 
wires  for  D.C.  and  single-phase  2-wire  supply,  and  three  such  for 
3-phase  3-wire  lines. 

From  the  cross-sectional  area  the  resistance  can  be  found  from 
the  tables ;  the  values  given  are  for  annealed  copper  in  Table  40 
(§  280)  and  hard-drawn  copper  in  Table  44  (§  307).  Alter¬ 
natively  the  resistance  of  either  annealed  or  hard-drawn  wire  per 
yard  may  be  found  from  the  expression  in  §  62,  and  this 
vol.  i.  417  27 


=  4*9,  say  5 

=  4*9,  say  5 
outers  (see 

=  1*25 
=  2*5 
=  0*  833 


§  296  METRICAL  KN(HNKKKIN(1  PRACTICE 


multiplied  by  the  route  length,  7),  will  give  tin*  resist ancr,  /t\  <»f 
each  wire.  The  values  are  in  each  case  true  at  00'  F.f  but  in 
ordinary  calculations  it  is  not  necessary  to  make  corrections  for 
temperature.  The  loss  of  power  in  watts  in  each  wire  will  then 
be  PR  and  the  total  loss  will  he  2 Pit  for  I  Ml  or  sin^le-plmse 
and  %PR  for  3-phase  circuits.  The  loss  of  pressure  will  be  lit 
in  each  wire,  in  phase,  with  the  current.  In  applying  this  formula 
to  overhead  lines  there  is  not  likely  to  he  any  question  of  the 
conductor  being  too  small  to  carry  the  current,  but  in  the  ease  of 
underground  cables  a  reference  should  be*  made  to  Table  4b,  £  280, 
cols.  3  and  4,  to  see  that  the  cable  (according  to  its  class)  is  not 
overloaded.  The  current  (I  amperes),  corresponding  to  W  waits 
delivered,  is  given  by — 

For  direct  currents,  I  Watts  delivered  /  (\ 

For  single-phase,  /—  Watts  delivered  /  V  /  I\l‘\ 

For  3-phase,  7  =*  Watts  delivered  /  V  x  1*73  y  P.  F. 

The  Electricity  Commissioners’  Regulations  concerning  the  mini¬ 
mum  strength  of  overhead  lines  are.  summarised  in  §  824.  llanb 
drawn  copper  wire  has  a  breaking  stress  of  from  25  tons  per  mj.  in. 
in  large  sizes  to  29  tons  in  the  smaller  sizes  list'd  for  overhead 
lines.  In  practice  it  is  seldom  advisable  to  use  a  smaller  wire 
than  No.  0  S.W.O. 

296.  Direct  Current  Transmission,— In  order  to  compare 
transmission  by  A.O.  with  that  by  D.C.,  an  identical  example 
may  be  worked  out  for  each. 


Assume  that  it  is  required  to  deliver  t  000  kW  at,  a  point  S  000  yds.  from  the 
generator,  at  a  pressure  V  of  C  285  V  at  the  delivery  mid,  the  Imhm  in  br;ui:'mi*me*u 
being  5  °/c  of  the  power  delivered.  Then  the  initial  pressure  will  b»*  f»  tutu  V  and 
the  power  at  the  generator  will  he  1  050  kW.  The  current  will  he  I  000  *  1  000  f 
0  285  (or  1  050  x  1  000  /  0  000)  ~~  150  A,  and  the  volts  lost  in  the  line  U  fluri-*. 
0  285  as  315  V,  which  is  5  w/0  of  6  285  V.  In  D.C.  practice  these  prelum* »  would 
only  be  used  with  the  Thury  system  (g  317),  but  they  have  bo*m  assumed  here 
because  6  000  V  is  a  standard  in  A.O.  work  and  it  serves  for  onmjmmou  pur* 
poses. 

A  useful  rule  for  D.C.  circuits,  involving  fewer  factors  than 
the  general  formula  in  §  295,  may  lie  given  here,  viz. 


Area  of  conductor 


Current  *  I) 

20  000  x  Ixwt  volts  in  line’ 


Tliis  gives  the  area  =3  150  x  8  000  /  20  (MX)  x  315  t  0-  202  »q.  in,  The  t  mi . 
stant  in  tho  denominator  should,  strictly  speaking,  be  20  800  for  anmmtacl  copper 
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and  20  380  for  hard-drawn  wire,  at  60°  F.,  but  such  accuracy  is  not  necessary  in 
commercial  calculations.  The  preceding  general  formula  will  be  found  to  give  a 
similar  result. 

Working  out  the  problem  in  the  usual  way,  the  total  resistance  of  the  line 
must  be  =  JE  /  I  =  315  /  159  =  1-98  Cl.  As  the  total  length  is  16  000  yds.,  the 
resistance  will  be  0*  000  123  5  Cl  per  yd.  or  0*  217  Cl  per  mile.  From  §  62  it  then 
follows  that  the  cross-sectional  area  for  hard-drawn  wire  will  be  0*  000  024  53  / 
0*  000 123  5  =  0*  198  sq.  ins.,  agreeing  with  the  result  obtained  above.  The  weight 
of  this  conductor  will  (in  round  numbers)  be  0*2  x  11*  56  =  2*31  lb.  per  yd.  (§  62), 
18  500  lbs.  for  each  wire  and  37  000  lbs.  for  the  line  ;  say  16J  tons. 

297.  Single-phase  A.C.  Transmission  by  General  Formula. 

— With  the  single-phase  A.C.  2-wire  system,  the  same  virtual  or 
RM.S.  pressure  (§  31),  and  unity  P.F.,  the  above  calculations 
give  practically  accurate  results  at  ordinary  frequencies,  neglect¬ 
ing  the  self-induction  of  the  line  and  assuming  (as  may  safely  be 
done  in  ordinary  cases)  that  the  conductor  is  not  large  enough  to 
cause  a  loss  through  skin  effect  (§  38). 

With  lower  P.F.  the  current  in  the  circuit  is  increased,  and 
more  copper  is  needed  to  keep  the  loss  of  power  the  same. 

Thus,  assume  that  with  the  same  effective  delivery  pressure,  viz.  6  285  V,  it 
is  again  required  to  deliver  1  000  kW  with  a  loss  of  5  °/0  of  the  power  delivered, 
the  length  of  the  line  being  unchanged,  but  the  P.F.  to  be  0*9  instead  of  unity. 
Then  the  current  will  be  1  000  x  1  000  /  6  285  x  0*9  =  177  A,  Le.  the  current  in 
the  D.C.  example  divided  by  the  P.F. ;  and  the  ‘  apparent  power  ’  delivered  to 
the  circuit  will  be  6  285  x  177  /  1 000  =  1  110  kVA  (§  56).  The  area  of  the  con¬ 
ductor  will  be  0*  221  sq.  in.,  found  either  by  dividing  the  D.C.  value  by  the  P.F. 
(i.e.  0*  198  /  0*9)  or  by  the  general  formula  in  §  295.  The  weight  will  now  be 
0*  221  x  11*56  =  2*55  lbs.  per  yd.  or  41 000  lbs.  for  the  whole  line,  lead  and  return. 
This  is  1*11  times  the  amount  required  for  D.C.  or  for  single-phase  current  at 
unity  P.F.  The  factor  1*11  applies  to  any  single-phase  transmission  at  0*9  P.F. 

With  a  P.F.  of  0*8  the  calculations  may  be  similarly  worked  out,  and  the  re¬ 
sults  will  be :  Current  199  A ;  area  of  conductor  0*  248  sq.  in. ;  total  weight 
46  000  lbs.  or  1*25  times  the  weight  required  for  D.C.  or  single-phase  current  at 
unity  P.F. 

The  actual  loss  in  the  above  cases  would  be  a  little  more  than  5  °/0>  owing  to 
the  self-induction  of  the  line,  but  the  result  is  near  enough  for  all  practical  pur¬ 
poses. 

298.  Area  and  Weight  of  Conductor  to  give  same  Strain 
on  Insulation. — It  must  be  remembered  that  the  maximum 
pressure  corresponding  to  a  virtual  or  RM.S.  pressure  of  6  600  V 
is  6  600  x  or  9  400  V  (§  31) ;  therefore  the  insulators  in  the 
case  of  A.C.  overhead  lines  would  have  to  be  larger,  or  the  insula¬ 
tion  of  the  underground  cable  of  higher  quality,  in  an  A.C.  supply 
of  the  same  virtual  pressure  as  a  corresponding  D.C,  supply. 
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To  give  the  same  strain  on  the  insulation  in  the  example  of  §§  296,  297,  which 
would  actually  be  the  fairer  method  of  comparison,  the  virtual  pressure  with  single¬ 
phase  A.C.  would  have  to  be  only  4  670  V  at  the  generating  end  (4  670  x  ^2  =  6  600), 
so  the  current  and  size  of  conductor  would  be  proportionately  increased.  The 
actual  figures  may  be  worked  out  from  the  formula  given  above,  and  they  will 
show  the  D.C.  system  in  its  most  favourable  light  ( see  also  §  317). 

On  the  other  hand,  if  there  is  a  fault  in  the  insulation  which 
can  just  he  broken  down  by  an  alternating  pressure  of  RM.S. 
value  E ,  it  will  generally  be  broken  down  by  a  D.C.  pressure 
much  lower  than  E  x  2,  owing  to  the  sustained  stress  pro¬ 
duced  by  the  D.C.  pressure  (the  break-down  voltage  of  insulation 
is  lower  with  prolonged  application  of  the  pressure,  §  72).  This 
is  an  argument  in  favour  of  testing  insulation  by  D.C.  voltage 
(Chapter  40),  but  the  latter  does  not  subject  the  insulation  to  sus¬ 
tained  capacity  current,  hence  the  dielectric  loss  (§  312) — that 
due  to  leakage  through  the  ohmic  resistance — is  lower  and  the 
heating  of  the  dielectric  is  correspondingly  reduced.  For  these 
conflicting  reasons,  the  ratio  between  D.C.  and  A.C.  pressure 
strain  is  not  a  physical  constant. 

299.  Single-phase  Overhead  Lines  ;  Induction,  Reactance, 
Impedance.— Although  the  method  employed  in  the  example  of 
§  297  is  accurate  enough  for  ordinary  work,  the  effect  of  induc¬ 
tion  and  of  the  current  and  pressure  being  out  of  phase  may  be 
followed  up  further.  Assuming  that  overhead  lines  are  being 
used,  so  that  ‘capacity’  may  be  neglected  (§  304  et  seq .),  the 
apparent  resistance  or  ‘  impedance  ’  of  conductors  carrying  alter¬ 
nating  currents  is  made  up  of  two  components,  viz.  ohmic  re¬ 
sistance,  B,  which  is  an  absolute  function  of  the  material  and 
temperature  of  the  conductor;  and  reactance,  S,  which  depends 
on  the  working  conditions.  These  components  may  be  considered 
as  vectors  at  right  angles,  and  the  total  impedance  may  be  found 
graphically  by  completing  the  right-angled  triangle  (see  Fig.  10 
in  §  44).  Expressed  algebraically : — 

Impedance  =  ^(resistance2  +  reactance2) 

=  J{B 2  +  (27m)2  x  (L/  1  000)2}, 

where  n  is  the  frequency  in  complete  periods  per  second  and  L  is 
the  self-induction  in  millihenries  (mH). 

In  the  example  in  §  297,  the  pressure  at  the  receiving  end  is  6  285  V  and  the 
energy  component  of  the  drop  in  the  line  will  by  hypothesis  be  5  °/0  of  this  or 
315  V.  (This  is  not  the  actual  drop,  as  will  be  se§n  presently,  for  the  reactance 
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causes  a  wattless  or  induction  drop  as  well.)  This  equals  IB  (§  295),  and  the 
current  I  (with  a  P.F.  of  0'9)  is  177  A.  Therefore  B  —  315  /  177  =  1*77  Cl  for  the 
whole  16  000  yds.  (Note  here  that  the  power  lost  —  PR  —  1772  x  1*77  or  56  kW.) 
This  resistance  is  equivalent  to  0*  000  111  &  per  yd.,  giving  a  cross-sectional  area 
of  0*  000  024  53  /0*  000  111  or  0*  221  sq.  in.  as  before  (§  297).  The  diameter  of 
such  a  conductor,  of  solid  copper,  would  be  0*58  in.  In  practice  this  would  be  an 
inconvenient  size  to  handle  and  difficult  to  obtain,  and  two  parallel  wires  each  of 
half  the  equivalent  cross-section  would  be  used ;  but  for  the  purpose  of  the  ex¬ 
ample  this  may  be  waived. 

Of  the  three  factors  shown  under  the  square  root  sign  in  the 
above  expression  for  impedance,  the  first,  R,  is  calculated  as  shown 
in  the  preceding  example.  The  product  of  the  other  two  factors 
is  the  (reactance)2,  and  of  these  (27m)2  at  the  standard  frequency 
of  50  cycles  is  98  800,  or,  in  round  numbers,  100  000.  The  self- 
induction  of  the  line,  L,  must  be  found  from  the  formula  *  : — 

Millihenries  per  mile  =  0*  080  5  +  0*  741  log  [( d  -  r) / r], 

where  d  =  distance  between  centres  of  conductors,  in  ins. ;  and 
r  =  radius  of  conductor,  in  ins.  In  the  case  of  overhead  lines 
(d  -  r)  may  be  taken  as  d,  since  r  is  relatively  small. 

In  the  example  considered,  the  diameter  of  the  wire  is  0*53  in.,  so  the  radius 
is  0-265  in.,  and  the  distance  between  conductors  may  here  be  taken  as  12  ins. 
In  practice  the  spacing  would  be  at  least  24  ins.  if  not  30  ins.  ( see  §  327). 

Then  L  =  0*  080  5  +  0*  741  log  (12  /  0*  265)  =  0*  080  5  +  (0-  741  x  1*  657)  = 
1*  306  mH  per  ml.  or  11*9  mH  for  16  000  yds.  From  this  value  of  L,  we  have 
that  (LI  1  000)2  =  (11*9 /  1  000)2  =  0*  000  141.  This  gives  the  reactance, f  S  as 
^(98  800  x  0-  000  141)  =  3*72  n,  and  the  impedance  =  ^(l^2  +  3*722)  =  4*12  n. 
The  energy  and  induction  components  of  the  voltage  may  now  be  tabulated  as 
follows,  bearing  in  mind  that  with  a  power  factor  (cos  <p)  of  0*9,  the  wattless  or 
induction  factor  (§  157)  will  be  *y(l  —  0*92)  or  0*  436  =  sin  <£.  Both  these  factors 
are  used  in  Table  42,  and  this  will  make  their  significance  clear. 

It  will  be  noticed  that  if  the  impedance  drop  of  730  V  is  added 
to  the  delivery  pressure  6  285  V  the  result  is  7  015  V,  whereas 
the  actual  generator  pressure  is  only  6  860  V ;  this  is  due  to  the 
change  of  phase  caused  by  self-induction  in  the  line,  as  the 
graphical  construction  in  §  300  will  demonstrate.  Ordinarily  the 
discrepancy  may  he  neglected,  at  least  in  preliminary  estimates. 
The  P.F.  at  the  generator  end  of  the  line  is  lower  than  at  the 
receiving  end,  owing  to  this  self-induction.  The  power  put  into 
the  line  is  seen  from  Table  42  to  be  1  056  kW,  and  this  equals 


*  An  alternative  form  is  :  mH  per  mile  =  0*160  9  {0*5  +  4*  605  log  [(d-r)  /  r][. 
+  Or  ohmic  value  of  self-induction,  which  =  2tt  x  periods  x  henries.  The 
E.M.F.  of  self-induction  =  reactance  x  current. 
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Table  42. — Voltage  Components  and  Power  in  Single-Phase 

Overhead  Line. 


Voltage. 

Energy 

Com¬ 

ponent. 

Induction 

Com¬ 

ponent. 

Power. 

At  delivery  end — 

Energy  component  0*9  of  6  285  V 

5  650 

Power  =  5  650  x  177  = 

Induction  component  0*  436  of 

6  285  V . 

_ _ 

2  740 

1  000  kW  as  presumed. 

In  line — 

Kesistance  loss  IB  =  177  x  1*77  V 

315 

— 

Line  loss  of  power  =  315 

Keactance  loss  IS  =  177  x  3*72  V 

— 

660 

x  177  =  56  kW. 

Total  . 

5  965 

3  400 

Power  generated  5  965 

x  177  =  1  056  kW. 

Impedance  drop  =  ,J(3152  4-  6602)  =  730  V. 
Generator  pressure  —  J(5  9652  4-  3  4002)  =  6  860  V. 


I  x  E  x  P.F.  or  177  x  6  860  x  P.F.  Therefore  the  P.F.  of  the 
whole  circuit  is  0*87,  not  0'9,  when  the  line  is  taken  into  account. 
The  ratio  between  6  860  and  7  015  V,  viz.  0*97,  gives  the  P.F.  of 
the  line  alone.  Assuming  the  power  to  be  given  by  a  single 
generator  with  an  efficiency  of  93  °/0 ,  the  power  required  to  drive 
it  would  be  (1  056  /  O’  746)  x  (100  /  93)  =  1  520  B.H.P.  The 
output  of  the  generator,  however,  would  be  expressed  as  1  210  kVA, 
i.e.  kW  /  P.F.  or  1  056  /  0*87.  It  will  be  seen  from  §  313  that, 
if  the  pressure  at  the  generating  station  is  stepped  up  by  means  of 
transformers,  both  the  P.F.  of  the  line  and  the  kVA  output  of 
the  generator  would  be  affected;  the  former  being  lowered,  and 
the  latter  raised. 

300.  Graphical  Construction  for  Single-phase  Lines ; 
Power  Factor  of  Line. — In  order  to  ascertain  the  conditions  in 
the  same  line  graphically  the  following  construction  (Fig.  52)  may 
be  followed ;  it  is  not  to  scale,  and  in  working  out  results  by  this 
method  a  very  large  .sheet  of  paper  is  required : — 

Fix  on  any  arbitrary  scale  for  representing  volts  and  amperes  respectively. 
Draw  vector  OE  to  represent  the  voltage  at  the  receiving  end  of  the  line,  viz. 
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6  285  V  in  the  example  considered.  Next  draw  the  vector  01  to  represent  the 
current  in  magnitude  and  direction ,  the  angle  <p  between  OE  and  01  being  that 
for  which  the  power  factor  of  the  load  is  the  natural  cosine;  in  this  case  the  angle 
is  25£  for  P.F.  0*9.  For  the  present  neglect  the  dotted  construction.  The  drop 
of  pressure,  315  V,  due  to  the  ohmic  resistance  of  the  line  ( i.c .  177  x  1*77)  will  be 
in  phase  with  the  current,  and  is  represented  by  ER,  drawn  parallel  to  01,  to  the 
same  volt  scale  as  OE.  The  inductive  drop  is  at  right  angles  to  the  ohmic  drop, 
and  this,  calculated  as  above,  is  represented  by  RS  drawn  at  right  angles  to  ER 
to  the  same  scale ;  its  value  here  is  177  x  3-72  or  660  Y.  Then  ES  gives  the  im¬ 
pedance  drop,  177  x  4T2  or  730  Y.  Finally,  OS  gives  the  voltage  at  the  sending 
end  of  the  line,  6  860  V  on  the  same  scale.  As  the  resultant  or  impedance  drop 
ES  is  in  this  case  (though  not  always)  out  of  phase  with  the  receiving  voltage,  it 
is  not  exactly  equal  to  the  difference  (6  860  -  6  285),  but  it  may  safely  be  taken 
so  in  ordinary  work.  The  dotted  construction  in  this  figure  is  explained  latgr 
(§  305)  in  connection  with  capacity. 


Fig.  52. — Graphical  construction  for  single-phase  line. 


301.  Three-phase  Transmission  by  General  Formula. — In 

order  to  facilitate  comparison  between  the  several  systems,  the 
same  problem  as  before  (§§  296,  297)  is  considered,  but  with  3- 
phase  supply.  It  is  assumed  that  1  000  kW  is  to  be  delivered  at 
the  end  of  a  3-phase,  3-wire  line  8  000  yds.  long,  the  delivery 
pressure  being  6  285  V  (virtual),  and  the  loss  in  transmission  being 
5  %  of  the  power  delivered. 

Using  the  general  formula  in  §  295,  the  area  of  each  conductor  in  sq.  ins. 
will  be :  (1  000  x  8  000  x  2*5)  /  6  285  x  6  285  x  5  x  P.F.  =  O’  101  /  P.F.  This 
gives  the  following  values  for  the  area  and  weight  of  the  conductors  with  various 
power  factors : — 


P.F.  Unity. 

P.F.  0*9. 

Area  of  each  conductor,  sq.  in. 

0-101 

0-112 

Weight,  lbs.  per  yard = area  x  11-56 

1-167 

1-295 

Total  weight  24  000  yds. 

28  000 

31  000 

Percentage  of  total  weight  for  con¬ 
tinuous  current  (§  296) 

75  °/0 

OO 

00 

0 

Current  in  each  conductor,  amperes 

92 

102 

P.F.  0-8. 


0-126 
1-455 
35  000 


°/c 

115 


423 


§  302  ELECTRICAL  ENGINEERING  PRACTICE 

The  current  =  Watts  delivered  /  (V  x  JB  x  P.F.)  =  (1  000  x  1  000)  / 
(6  285  x  1*73  x  P.F.)  =  92  /  P.F.  As  the  line  loss  is  5  %»  1  050  kW  will  be  put 
into  it  and  the  initial  pressure  will  be  (1  050  x  1  000)  /(J3  x  current  x  P.F.), 
or  about  6  600  Y  in  each  case.  For  rough  working  this  is  all  the  information 
required,  but  in  the  next  paragraph  the  matter  is  considered  in  greater  detail  on 
different  lines,  as  in  the  case  of  single-phase  transmission. 

It  may  be  noted  that,  as  pointed  out  in  §  298,  a  larger  area 
and  weight  of  conductor  would  be  required  to  subject  the  insula¬ 
tion  only  to  the  same  maximum  pressure  as  in  the  D.C.  example; 
this  would  give  the  D.C.  system  an  advantage,  and  the  Thury 
series  system  utilises  it  ( see  §  317). 

-  302.  Three-phase  Transmission  Lines;  Inductance,  Re¬ 
actance,  and  Impedance. — The  pressure  between  any  two  con¬ 
ductors  in  the  preceding  example  is  6  285  V  at  the  receiving  end, 
and  the  pressure  between  any  one  wire  and  the  neutral  point  will 
therefore  be  6  285  /  ^3  or  3  630  V.  We  shall  consider  one  of 
the  three  conductors  in  the  first  place.  Each  conductor  will  deliver 
one-third  of  the  total  power  or  333*3  kW. 

Taking  as  example  the  case  where  the  power  factor  is  0*9,  the  apparent  energy 
delivered  by  each  branch  will  be  333*3  /  0*9  =  370  kVA,  and  the  current  in  the 
branch  will  be  370  x  1  000  /  3  630  =  102  A,  as  found  by  another  method  in  the 
preceding  paragraph.  Now,  as  the  loss  of  power  is  to  be  5  °/c  of  that  delivered, 
the  ‘  energy  component’  of  the  drop  in  pressure  in  each  branch,  or  I  x  R,  will 
also  be  5  °/0  of  the  pressure  to  neutral ;  5  %  3  630  is  181  V.  (The  line  current 

is  in  phase  with  this  component  of  the  total  drop  of  pressure  in  the  wire,  so  the 
loss  of  energy  in  each  conductor  will  be  I  x  E  —  102  x  181  or  18*5  kW,  showing 
the  actual  energy  loss  in  the  three  branches  to  be  18*5  x  3  =  55*5  kW.)  Now 
the  ohmic  resistance  of  each  branch  must  be  (Volts  lost)  /  Current  =  181  /  102  = 
1*78  a  for  the  8  000  yds.  of  wire.  (Note  again  that  the  loss  in  the  branch  is  also 
equal  to  PR  —  1022  x  1*78  or  18*5  kW  as  before.)  We  then  have  the  resistance 
per  yd.  =  1*78  /  8  000  =  0*  000  222  n.  Area  of  conductor  =  0*  000  024  53  / 
0*  000  222  =  0*  111  sq.  in.  (about  3/0  S.W.G-.).  Weight  =  1*29  lb.  per  yd.  = 
10  300  lbs.  per  branch  or  30  900  lbs.  for  the  line,  i.e.  83  °/0  of  the  amount  required 
for  D.C. 

We  may  now  ascertain  the  inductance  and  reactance  of  the  line,  with  12-in. 
spacing  between  wires  as  before,  noting  again  that  the  actual  spacing  would  be 
greater  (§  327).  The  diameter  of  the  wire  is  0*  376  in.  or  radius  0*  188  in.  Self- 
induction  =  0*  080  5  +  0*  741  log  (12  /  0 *  188)  =  1*42  mH  per  ml.  or  6*45  mH  for 
8  000  yds.  (§  299).  Then  {L  /  1  000)2  =  (6*45  /  1  000)2  =  0*  000  041  6,  so  that— 

Reactance  at  50  cycles  =  ^(98  800  x  0*  000  041  6)  =  2*02  n  for  each  wire 

and  Impedance  =  ^(1* 782  +  2'022)  =  ^7*16  —  2*69  fl. 

Now,  although  there  is  actually  but  one  current  in  the  wire  and  one  pressure 
between  any  two  points,  it  makes  matters  clearer  if,  as  in  the  case  of  single-phase, 
the  pressure  is  resolved  into  two  components  at  right  angles,  an  energy  component 
and  a  *  wattless  *  induction  component.  The  power  factor  cos  <p  being  0*9,  the 
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*  induction  factor  ’  sin  <p  (§  157)  -will  be  N/(  1  -  0*92)  or  0*436.  The  various  volt¬ 
ages,  etc.,  in  one  wire  will  be  as  shown  in  Table  43. 


Table  43. — Voltage  Components  and  Power  in  3 -Phase 
Overhead  Line. 


Voltage,  between  Phase 
Conductor  and  Neutral. 

Power. 

Energy 

Component. 

Induction 

Component. 

At  delivery  end — 

Energy  component  0*9  of 
3  630  V 

3  268 

! 

Power  delivered  3  268  x  102 

Induction  component  0*  436 
of  3  630  V  . 

! 

1  583 

=  333*3  kW  per  branch  or 
1  000  kW  altogether. 

In  line — 

Resistance  or  energy  loss 
IB  =  102  x  1*78  V 

181 

1 

Power  lost  181  x  102  =  18*5 

Reactance  loss  102  x  2*02  V 

_ 

208 

kW  per  branch  or  55*5  kW 
altogether. 

Total  .... 

3  449 

1  791 

Power  generated  =  3  449  x 

102  =  352  kW  per  branch 
or  1  056  kW  altogether. 

Impedance  drop  =  1812  +  2082)  =  276  V ;  which  also 

=  (2*69  x  102)  V. 

Generator  pressure  =  ^(3  4492  +  1  791u)  =  3  885  V  to  neutral ; 
and  3  885  x  =  6  730  V  between  phase  wires. 


The  power  required  to  drive  a  single  generator  to  give  the  output  required, 
assuming  an  efficiency  of  93  °/o»  would  here  be  (1  056  /  0*746)  x  (100  /  93)  = 
1  530  B.H.P.  The  output  of  the  generator  would  be  specified  as  1  200  kVA,  i.e. 
1  056  kW  I  0*88,  the  denominator  being  the  P.F.  shown  in  the  next  paragraph. 

303.  Graphical  Solution  for  3-phase  Lines ;  Power  Factor 
of  Line. — Here,  again,  the  effect  of  self-induction  in  the  line  is  to 
alter  the  power  factor,  or  the  phase  relation  of  current  and  pres¬ 
sure,  as  shown  in  the  graphical  solution  in  §  300.  The  total  power 
at  any  point  in  a  3-phase  line  is  I  x  E  x  ^73  x  P.F.  and  is  in 
this  case  1  056  kW  at  the  generator  end  of  the  line  ;  at  this  point, 
I  =  102  A;  and  E  —  6  730  V,  therefore  the  P.F.  is  0*88  at  the 
generator  end  of  the  line,  compared  with  0*9  at  the  load  end. 
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Graphically,  taking  Fig.  52  again,  OE  will  be  3  630  V  and  the  angle  01  will 
be  unchanged,  viz.  23f°.  The  vector  EB  will  be  181  Y  and  BS  will  be  208  Y,  as 
shown  in  Table  43;  ES,  the  impedance  drop,  will  be  found  to  be  276  Y  (vide 
Table  43),  and  OS  will  scale  3  885  Y.  If  the  impedance  drop  276  Y  is  added 
arithmetically  to  the  initial  pressure  3  630  Y,  the  result  is  3  906  Y,  not  3  885  V  as 
obtained  by  vectorial  addition.  The  difference  is  due  to  the  slight  alteration  of 
phase  in  the  line  itself,  owing  to  its  self-induction,  and  may  be  neglected. 

The  graphical  method  of  dealing  with  3-phase  problems  illus¬ 
trated  in  Fig.  53  is  due  to  B.  Welbourn,  and  the  method  of  draw¬ 
ing  and  using  the  diagram  is  as  follows  : — 

The  equilateral  triangle  BHJ  is  drawn  to  scale,  each  side  representing  the 
pressure  between  phases  at  the  loaded  end.  Then  AB,  AH,  AJ  represent  the 
pressure  to  neutral  (=  line  pressure/  J3).  Draw  AC ,  representing  to  scale  the 
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Fig.  53. — Graphical  construction  for  three-phase  line. 

full-load  current,  lagging  behind  AB  by  the  angle  <j>.  Draw  AD  right  angles  to 
AB  to  represent  the  capacity  current  to  the  same  scale  as  AC.  Compound  AC 
and  AD  to  find  the  resultant  current,  AE,  in  the  line.  The  resistance  drop  in 
one  wire  is  in  phase  with  the  current  AE,  and  is  given  by  AE  x  B  ;  its  value  is 
represented,  to  the  same  scale  of  volts  as  before,  by  BE  drawn  parallel  to  AE. 
Next  draw  EG  to  the  same  scale  and  at  right  angles  to  BE,  to  represent  the 
E.M.F.  of  self-induction  or  reactance  drop  in  one  wire.  Join  AG,  which  gives 
the  pressure  to  neutral  at  the  generating  end ;  this  multiplied  by  */3  gives  the 
pressure  between  phases  at  that  point.  The  sides  of  the  equilateral  triangle 
GLK ,  completed  from  the  centre  A  and  vertex  G ,  also  give  this.  Cos  </>•,  is  the 
power  factor  at  the  generating  end,  and  the  kW  delivered  to  the  line  is  given  by 
the  product  (pressure  GL  x  J3x  current  E A  x  cos  </>x). 

304.  Capacity  and  Capacity  Reactance. — Capacity,  i.e. 
electrostatic  capacity,  has  exactly  the  opposite  effect  to  inductance, 
that  is  to  say,  it  causes  the  current  to  lead  on  the  impressed 
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E.M.F.  instead  of  to  lag  behind  it.  Capacity  in  a  circuit  implies 
that  the  conductors  or  apparatus  act  like  a  condenser,  which  of 
course  will  not  pass  a  continuous  current.  With  an  alternating 
impressed  E.M.F.,  energy  is  stored  up  in  the  condenser  in  the  form 
of  electrostatic  stress,  as  the  E.M.F.  rises,  but  when  the  wave  of 
E.M.F.  dies  away  this  stored  energy  returns  to  the  circuit,  as  a 
current  leading  90°  out  of  phase  ;  this  is  called  the  capacity  current 
or  charging  current  (§  46).  If  both  inductance  and«  capacity  are 
present  they  tend  to  neutralise  one  another. 

In  the  foregoing  examples  the  existence  of  capacity  has  been 
ignored  ;  in  short  overhead  lines  its  effect  is  usually  of  no  practical 
importance,  but  in  long  lines  and  in  all  underground  cables  it  must 
be  taken  into  account. 

The  deliberate  introduction  of  variable  capacity  into  transmis¬ 
sion  systems,  in  order  to  balance  the  induction  effect  of  motors, 
etc.,  and  improve  the  P.F.,  is  discussed  fully  in  §§  159-62.  As 
there  explained,  artificial  improvement  of  the  P.F.  of  a  transmission 
system  is  generally  a  sound  financial  proposition,  since  the  cost  of 
the  necessary  equipment  is  much  less  than  that  of  the  generat¬ 
ing  and  distributing  plant  otherwise  rendered  idle  by  wattless 
current. 

Of  the  three  factors,  resistance,  reactance,  and  ‘  condensance * 
or  capacity  reactance,  all  expressed  in  ohms,  the  two  former  may 
be  considered  in  series  in  a  line  or  cable,  while  the  latter,  due  to 
capacity,  is  in  parallel  with  the  other  two,  as  already  stated  in 
§  46.  It  will  be  seen  in  the  examples  following  that,  although  the 
charging  current  due  to  capacity  is  often  important,  the  effect  of 
capacity  on  the  total  impedance  of  an  overhead  line  is  negligible. 
Capacity  is  expressed  in  microfarads  ( fiF )  or  millionths  of  the  true 
unit,  viz.  the  farad. 

305.  Capacity  and  Charging  Current  of  Overhead  Lines, 
Single-phase. — The  capacity  of  two  overhead  wires  side  by  side, 
and  relatively  far  from  the  ground,  is  [0*019  4  /  log  (D  /  r)]  fju F 
per  ml.,  where  D  is  the  distance  between  the  centres  of  the  wires, 
in  ins. ;  and  r  is  the  radius  of  each  wire,  in  ins. ;  the  dielectric  is 
air,  and  the  actual  capacity  varies  somewhat  according  to  atmos¬ 
pheric  conditions. 

In  the  single-phase  line  of  §  299,  D  is  12  ins.  and  r  is  0*265  in.,  so  log  ( D  /  r) 
=  1*66.  Then  capacity  G  =  0*019  4=  /  1*66  or  0*011  7  /jlE  per  ml.  run  of  line  or 
0*  053  /u F  for  the  whole  length  of  8  000  yds. 
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The  capacity  current  or  charging  current  Ie  =  27r  x  frequency 
x  E  x  C  /  106  or,  at  the  standard  frequency  of  50  periods,  Ic  = 
0*  000  314  £70,  where  E  is  the  pressure  between  wires  at  the 
generator  end  and  0  is  in  microfarads. 

In  the  example  chosen,  Ic  =  0*  000  314  x  6  860  x  0*  053  =  0*  114  A  for  the 
whole  line  or  O’  025  A  per  ml.  run.  This  means  that  in  order  to  charge  the  line 
to  full  pressure,  when  no  power  is  being  used,  the  generator  must  be  giving 
(I  x  E)  apparent  watts  or  6  860  x  0T14  =  785  apparent  watts.  In  this  particular 
instance  capacity  and  its  consequences  may  be  neglected,  but  it  is  worked  out  to 
show  the  method. 

Where  the  charging  current  is  of  sufficient  importance,  as  in 
cables,  it  has  to  be  considered  in  connection  with  the  main  current ; 
the  main  current  is  lagging  behind  the  impressed  E.M.F.  by  an 
angle  depending  on  the  power  factor,  while  the  charging  current 
is  leading  the  E.M.F.  by  90°.  To  obtain  the  magnitude  and  phase 
relation  of  the  actual  or  resultant  current,  vectorial  addition  is  the 
simplest  method. 

This  is  shown  in  dotted  lines  in  Fig.  52.  There  OS  and  OE  are  the  pressures 
at  the  transmitting  and  receiving  ends  of  the  line  respectively,  and  OI  is  the 
lagging  energy  current.  The  charging  current  OIc  is  drawn  to  the  same  scale, 
leading,  at  right  angles  to  OE.  (Actually  OS  should  be  used, but  OE  and  OS  are 
always  so  nearly  parallel  in  a  scale  drawing  that  no  error  will  result.)  Then  by 
compounding  OI  and  OIc  the  resultant  current  OI2  is  found.  In  the  subsequent 
construction  ER  should  then  be  parallel  to  OJ2  instead  of  OI  The  angle  <px  will 
give  the  P.F.  at  the  generating  end. 

The  capacity  reactance  or  condensance  is  (1  /  2irn  x  C)  n,  where  C  is  expressed 
in  farads.  In  this  case,  the  capacity  reactance  =  1  /  (2?r  x  50  x  0'  053  x  10 -6)  = 
1  /  O’  000  016  6  ss  60  000  Cl.  It  may  also  be  expressed  as  E  /  Ic  —  6  860  /  0*  114 ;  or 
as  (Apparent  watts)  /  (Charging  current)2,  i.e.  785  /  (0*114)2.  The  same  result  is 
obtained  in  each  case.  These  relations  in  fact  are  merely  an  extension  of  Ohm’s 
law  applied  to  alternating  capacity  currents.  It  is  obvious  that  this  apparent  re¬ 
sistance,  in  parallel  with  the  impedance  as  determined  in  §  299  (viz.  4T2  n),  will 
not  affect  its  value  appreciably. 

306.  Capacity  and  Charging  Current  of  3-phase  Line. — In 

3-phase  lines  the  Y-capacity  of  the  line  is  the  same  as  that  of  one 
wire  to  the  neutral  point,  which  is  [0*  038  8  /  log  (D  J  r)]  puF  per  ml. 

Thus,  in  the  case  already  considered  in  §  302,  D  is  12  ins.  and  r  is  0*  188  in. 
Log  (12  /  0*  188)  =s  1-81,  so  the  capacity  is  0*  038  8  / 1*81  or  0*  021  4/* F  per  ml.,  i.e. 
0*  097 pF  for  the  whole  8  000  yds. 

The  capacity  current  or  charging  current  in  each  conductor  at  50  cycles  will 
now  be  [0*  000  314  x  (E  /  ^JB)  x  capacity  in  fiE],  E  being  the  line  pressure  and 
(E  /  \/3)  the  volts  to  neutral  at  the  generating  end.  Then  I  —  0-000  314  x  6  730 
x  0*097  =  0*  118  A,  which  again  is  negligible,  representing  only  (0*118  x  3  885  x 
1*73)  or  1  380  apparent  watts  from  the  generator.  The  graphical  solution  in 


TRANSMISSION  OF  POWER 


§  307 

§  300  would  "be  modified  in  the  manner  explained  in  the  preceding  paragraph,  if  it 
were  necessary.  The  capacity  reactance  here  is  1  /O'  OOO  030  4  or  6  730  /  0*  118  or 
790/  (0*1182  x  1*73)  =  33  000  a,  and  hereagainitisinjparaZZcZ  with  the  impedance 
of  2*69  a  (§  302),  and  is  of  negligible  effect. 

307.  Constants  of  Hard-drawn  Copper  Wire. — The  capacity 
of  a  line  varies  with  the  size  of  the  wires,  and  the  charging  current 
with  the  frequency  of  the  supply ;  tables  will  be  found  in  many 
books  giving  the  values  for  American  wire  gauges  and  40,  60,  or 
100  cycles.  Table  44  gives  the  various  constants  of  hard-drawn 
copper  wire  in  S.W.G.  and  British  standard  units  ;  i.e.  the  fre¬ 
quency  in  cols.  11  et  seq.  is  50  cycles. 

Notes  on  Table  44. 

Columns  1-4  require  no  explanation. 

Column  5  is  based  on  an  ultimate  strength  of  25  tons  per  sq.  in.  except  in  the 
case  of  No.  10  wire  (27  J  tons). 

Column  6  is  dealt  with  in  §  327,  on  the  dip  and  stress  of  overhead  wires. 

Columns,  7  and  8  give  the  resistance  per  yd.  and  mile  of  wire  respectively 
based  on  2  °/0  higher  resistance  than  annealed  copper  {see  Table  40,  §  280).  The 
increased  resistance  to  A.G.,  due  to  skin  effect,  is  negligible  at  50  cycles  with  all 
these  sizes  (§  38),  being  much  less  than  the  permissible  variation  of  2  %.  All 
these  columns  are  therefore  applicable  both  to  D.O.  and.  A.C.  transmission. 

Columns  9  et  seg.  relate  to  A.G.  transmission  only.  Col.  9  gives  the  nominal 
spacing  between  centres  of  conductors  (§  327),  which  of  course  necessarily  varies 
considerably  in  a  completed  line ;  this  factor  enters  into  the  calculation  of  all 
the  subsequent  constants,  and  interpolation  will,  if  necessary,  give  intermediate 
values. 

Column  10  gives  the  self-induction,  L ,  of  a  line  at  each  spacing,  in  millihenries 
(mH),  i.e.  (Henries  /  1  000),  per  ml.  of  wire.  It  is  based  on  the  formula  already 
given  in  §  299,  neglecting  the  (  —  r)  in  the  last  factor,  viz., 

L  =  [0-  080  5  4-  0*  741  log  (D  /  r)]  mH  per  ml. 

Therefore  in  calculating  out  a  single-phase  line  either  the  value  of  L  must  be 
multiplied  by  the  total  length  of  wire  (lead  and  return),  as  in  the  example  in 
§  299,  or  by  2  to  give  the  inductance  of  1  ml.  run  of  the  whole  line.  In  3-phase 
calculations  (vide  example  in  §  302)  a  single  wire  is  taken  with  respect  to  the 
neutral  point,  and  the  value  of  L  in  the  table  must  he  multiplied  by  the  route 
length  of  the  line  in  miles. 

Column  11  gives  the  reactance,  in  ohms  per  ml.  of  wire,  at  50  cycles,  i.e. 
2irnL,  or  314£/,  where  L  is  in  henries  or  (mH  /  1  OOO)  (see  examples  in  §  299 
(single-phase)  and  §  302  (3-phase)).  The  value  in  cols.  10  and  11  differ  so  little 
that  they  are  only  given  for  alternate  gauges ;  interpolation  between  the  two 
neighbouring  values  for  the  same  spacing  will  give  the  figures  if  necessary,  but,  as 
the  impedance  is  given  all  through,  these  columns  will  not  be  required  often. 

3?or  any  other  frequency  the  figures  must  be  multiplied  by  (Actual  frequency  / 
50).  Thus  for  No.  3  S.W.G-.  and  18-in.  spacing,  the  reactance  per  ml.  at  60  cycles 
will  be  0*  628  n  per  ml. ;  at  125  cycles  1-31  a. 

Column  12  gives  the  total  impedance  at  50  cycles  in  ohms  per  ml.  of  wire, 
i.e .  ^/{resistance2  (col.  8)  4-  reactance2  (col.  11)}. 
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♦The  old B.O.T.  Regulations  required  a  factor  of  safety  of  5,  but  a  factor  of  safety  of  4,  under  the  worst  conditions,  is  sufficient  in  practice, 
and  may  be  adopted  when  the  Regulations  are  not  applicable.  The  permissible  tension  is  then  as  given  by  the  italicised  figures  in  col.  6.  The  new 
.Regulations  are  referred  to  in  §  324. 
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Thus  for  a  single-phase  line  the  figure  must  be  multiplied  by  the  length  of 
wire  in  miles  (lead  -4-  return),  while  for  8-phase  the  impedance  of  one  wire  is  found 
from  the  table  by  multiplying  by  the  route  length.  For  other  frequencies  the 
value  can  be  worked  out  from  the  formula  by  obtaining  the  reactance  in  the 
manner  explained  above. 

Columns  13  and  14  relate  to  single-phase  transmission ;  the  former  gives  the 
capacity  per  ml.  run  of  line,  so  when  multiplied  by  the  route  length  will  give  the 
capacity  of  the  whole  line.  The  formula  and  an  example  are  given  in  §  305. 

Column  14  gives  the  charging  current  per  ml.  run  of  line,  at  50  cycles  and 
10  000  V  between  wires  ;  see  example  in  §  305.  For  any  other  frequency  or  pressure 
the  figures  should  be  multiplied  by  (Frequency  /  50)  or  (Pressure  /  10  000)  as  the 
case  may  be.  Thus  the  charging  current  of  a  line  110  mis.  long,  consisting  of 
two  No.  3  S.W.G.  wires  spaced  18  ins.  apart,  at  60  or  125  cycles  respectively  and 
6  600  V,  will  be  0*028  2  x  110  x  [60  (or  125)  /  50]  x  (6  600  / 10  000)  =  2*46  or 
5T3  A,  as  the  case  may  be. 

Columns  15  and  16  refer  to  3-phase  lines.  Col.  15  gives  the  capacity  per  ml. 
of  1  wire  to  the  neutral  point,  which  is  also  the  Y-capacity  of  the  whole  line  per 
ml.  run.  Col.  16  gives  the  charging  circuit  per  ml.  run  of  line  at  50  cycles  and 
10  000  V  between  wires,  or  5  775  V  to  neutral.  It  is  the  charging  current  of  a 
corresponding  single-phase  line  x  2  /  JS.  An  example  is  given  in  §  306.  For 
other  frequencies  and  pressures  multiply  by  (Frequency  /  50)  and  by  (Line 
pressure  /  10  000)  or  (Pressure  to  neutral  /  5  775). 

308.  Constants  of  Hard-drawn  Aluminium  Wire. — If 

required,  a  table  corresponding  to  Table  44,  but  for  hard-drawn 
aluminium  wires  can  be  prepared  by  aid  of  the  following  notes : — 

Modifications  Required  to  Adapt  Table  44  for  Aluminium. 

Columns  1-3  are  applicable  regardless  of  the  material. 

Column  4.  The  figures  in  this  column  must  be  multiplied  by  0*  305  to  give 
the  weight  per  ml.  of  aluminium  wire,  e.g.  the  weight  of  No.  1  S.W.G.  wire  is 
about  1439  x  0*  305  =  439  lbs.  per  ml. 

Columns  5  and  6 .  The  ultimate  tensile  strength  and  the  permissible  tension 
for  aluminium  wires  are  about  0*53  the  values  given  for  copper  wires  of  the  same 
gauge  size  ( not  of  the  same  conductivity). 

Columns  7  and  8.  The  resistance  values  for  hard-drawn  aluminium  are 
about  1*63  times  those  for  copper  wires  of  the  same  gauge  size. 

Column  9.  In  any  particular  line  the  spacing  between  aluminium  conductors 
is  generally  greater  than  it  would  be  using  copper  wires ;  this,  however,  does  not 
affect  the  use  of  the  table. 

Columns  10  and  11.  The  values  given  for  copper  apply  also  to  aluminium  (or 
any  other  non-magnetic  material)  for  the  same  size  and  spacing. 

Column  12.  The  values  for  aluminium  will  be  calculated  from  ^{resistance2 
(new  col.  8)  +  reactance3  (col.  11.  Table  44)}. 

Columns  13-16.  The  values  for  copper  apply  also  to  aluminium  for  the  same 
size  and  spacing  of  wires. 

For  data  concerning  the  mechanical  constants  of  aluminium 
wire  see  §  331. 

309.  Constants  of  Steel  Wires.— Steel  conduQtors  offer 
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economic  advantage  in  the  case  of  short  or  medium-length  lines 
carrying  relatively  small  amounts  of  energy  at  relatively  high 
voltage,  so  that  the  pressure  drop  and  power  loss  in  the  line  are 
not  above  the  permissible  limit.  Steel  conductors  can  also  be  used 
in  short  or  medium-length  lines  in  which  the  minimum  size  of  con¬ 
ductor  is  fixed  by  considerations  of  corona  loss,  and  not  by  the 
effective  resistance  of  the  line.  On  long  spans  across  rivers, 
valleys,  etc.,  it  may  be  necessary  to  use  steel  to  secure  sufficient 
mechanical  strength  in  the  line  (§  331).  The  harder  grades  of 
steel  have  higher  tensile  strength  and  higher  ohmic  resistance  than 
softer  steel ;  on  the  other  hand,  the  magnetic  permeability  is  also 
lower  hence  the  skin  effect  (§  38)  and  internal  inductance  are  less 
than  in  the  softer  steel.  The  effective  resistance  to  A.C.  is  lower 
at  25  than  at  50  cycles  /  sec.  (§  135)  and  is  generally  lower  in  soft 
than  in  hard  steel  at  all  currents  up  to  25  A  in  a  f  in.  stranded 
conductor.  The  data  in  Table  45  are  from  tests  made  to  the  order 
of  the  Indiana  Steel  and  Wire  Co.  ( see  also  El.  Wld .,  Yol.  80,  p.  872.) 

310.  Insulated  Cables ;  Inductance,  Reactance,  and  Imped¬ 
ance. — The  coefficient  of  self-induction,  L ,  of  insulated  cables  is 
found  by  the  same  formula  as  is  given  (§  299)  for  overhead  lines, 
viz.  L  =  {O'  080  5  +  0*  741  log  [( d  -  r)  /  r]}mH  per  ml.,  and  the 
reactance  and  impedance  are  determined  in  the  same  way  as  be¬ 
fore.  Here  r  is  of  the  same  order  of  magnitude  as  the  distance 
between  wires,  d ,  and  becomes  important ;  though  the  value  of  d 
increases  with  the  pressure,  owing  to  the  greater  thickness  of  di¬ 
electric  required.  For  cables  with  conductors  of  0'03  sq.  in.  (equi¬ 
valent  roughly  to  No.  6  S.W.G.  solid  or  7  /  15  stranded)  the 
impedance  may  be  taken  as  equal  to  the  resistance,  and  this  holds 
good  for  all  smaller  sizes.  For  a  cable  of  0*25  sq.  in.  the  ohmic 
resistance  may  be  multiplied  by  the  following  factors  to  give  the 
impedance  at  50  cycles,  viz.:  660  V  cable,  1T8;  2  200  V,  1*20; 
3  300  V,  1*21 ;  6  600  V,  1*23 ;  11  000  V,  1  *27.  It  is  better  to  ob¬ 
tain  actual  figures  from  the  manufacturers  in  all  cases  where  the 
impedance  must  be  taken  into  account. 

31 1.  Paper-insulated  Cables;  Capacity  and  Charging 
Current. — In  the  case  of  overhead  wires  the  dielectric  was  air ; 
in  cables  it  may  be  bitumen,  india-rubber,  paper,  etc.  (§  287),  and 
the  capacity  varies  directly  as  the  specific  capacity  of  the 
material  used  ( see  Table  7,  p.  78).  The  capacity  of  concentric 
paper-insulated  cables  is  about  [0T-0T2  /  log  (D  /  d )]  fiF  per 
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ml.,  where  D  is  the  diameter  over  the  insulation  surrounding  the 
inner  conductor  and  d  is  the  diameter  of  inner  conductor.  The 
charging  current  is  found  as  for  2- wire  aerial  lines  (§  305).  For 
3-phase,  3-core  (shaped-conductor),  paper-insulated  cables,  made 
in  accordance  with  B.E.S.A.  Report  No.  7,  1922,  for  a  mesh 
system  (i.e.  with  equal  insulation  4  core-to-core  ’  and  4  core-to- 
lead  ’),  the  Henley  Manual  gives  a  table  from  which  Table  46 
has  been  calculated. 

Table  46. — Electrostatic  Capacity  of  3-core  Paper -insulated 
Lead-covered  Cables  with  Shaped  Conductors  and  Equal 
Insulation  Core-to-core  and  Core-to-lead . 

Note. — C  ~  Capacity  per  ml.,  one  wire  against  others  bunched  and  earthed 
=  also,  the  wire  to  earth  capacities  for  single-phase  circuits. 

Cv  =  star  or  Y-capacity,  i.e.  the  working  capacity  per  ml.  for  3-phase 
circuits. 

For' cables  with  circular  conductors ,  the  capacities  will  be  about  10  °/0  less 
than  shown  below. 

For  cables  with  less  insulation  core-to-lead  than  core-to-core,  as  used  for  star 
systems  with  earthed  neutral ,  the  capacities  will  be  about  15  %  greater 
than  shown  below. 
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The  charging  current  is  found  from  the  formula  already  given 
for  3-phase  aerial  lines  (§  306). 

Thus  for  a  3-core  cable,  10  mis.  long,  having  conductors  0*1  sq.  in.  (about 
equivalent  to  the  No.  3/0  solid  wire  in  §§  302,  306)  the  charging  current  at 
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C  GOO  V  and  50  cycles  will  he  [0*000  :i!4  x  (0  000/  K'U)  /  o*5«  *  10;^  5*7  A. 
Thin  is  no  longer  negligible;  it  roproKGntn  0*7  x  0  000  >  1*70/  1  one 
from  the  generator  solely  to  charge  the  line  to  full  pressure. 

Welboum  (Jour.  LE.E. ,  VoL  53,  p.  95)  estimates  that  a  hunt 
2  500  kVA  of  plant  would  be  required  merely  to  charge  a  30  ml. 
network  of  30  000  V  cable  in  a  system  operating  at  ->0  eyries ; 
taking  into  account  also  the  co.st  of  transformers,  swit dogear,  cte., 
it  is  doubtful  whether  higher  pressures  than  M3  000  \  are  com¬ 
mercially  justifiable  in  3-core,  50-cycle  cables. 

The  question  of  charging  currents  is  of  particular  imbalance 
in  ‘intorsheath  ’  cables  (§  280).  The  capacity  between  intersheath 
and  outer  lead  sheath  is  larger  than  in  an  ordinary  cable,  but  the 
capacity  currents  on  inner  and  outer  surfaces  of  the  intersheath 
are  in  opposite  directions,  so  that  the  net  intersheuih  current  is 
relatively  small.  The  capacity  current  in  the  outer  sheath  equals, 
however,  the  sum  of  the  capacity  currents  in  all  the  iutersheuths 
and  in  the  conductor  itself.  At  100  kV,  50  cycles,  the  charging 
current  in  the  intersheath  cable  specified  in  §  is;  (a)  in  con¬ 
ductor,  3*9  A;  (h)  in  intersheath,  7’4  A  ;  (a)  in  lead  sheath,  1 13 
•  A  per  ml.  Though  only  0*05  in.  in  thickness,  the  intersheath 
will  carry  the  charging  current  for  morn  than  3  mis,  of  cable 
when  that  current  is  fed  from  one  end,  or  for  0  ml.  feeding  from 
both  ends.  Only  short  lengths  of  mtersheath  cable  are  likely  to 
be  used  in  the  near  future,  but.  there  is  no  great  difficulty  in  ar¬ 
ranging  to  feed  in  charging  current  at  intervals  when  that  becomes 
necessary. 

312.  Dielectric  Loss  in  Cables.  —In  all  cables  flier**  is  some 
leakage  of  current  between  cores  and  between  cores  and  earth 
through  the  ohmic  resistance  of  the  insulation  ;  this  resistance  is 
however  so  high,  when  the  cable  is  in  good  service  condition,  that 
the  leakage  current  is  extremely  small  and  the  Pit  loss  in  the  in¬ 
sulation  (as  distinct  from  that  in  the  conductor)  is  insufficient  to 
heat  the  insulation  appreciably.  On  thrs  other  hand,  if  the  in¬ 
sulation  be  damp,  the  leakage  current  and  the  heating  caused 
thereby  increase  to  a  dangerous  extent.  In  1  ).(J.  cables  the  leak¬ 
age  current  is  the  only  loss  in  the  dielectric,  hut  the  charging 
current  has  also  to  be  considered  where  cables  carry  alternating 
current.  Every  cable  is  in  effect  a  condenser  and,  if  its  power 
factor  warn  zero,  the  charging  current  would  \m  quite  4  wattless/ 
Actually,  energy  is  dissipated  by  dielectric  hysteresis  (|  60)  and 
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||  ’  of  the  cable  is,  say,  2  or  3  %  (lower  sometimes  *),  so  that 

1  °  *s  &  small  watt-component  in  the  charging  current,  and  this 
lj*|  >onent  heats  the  dielectric. 

power  absorbed  by  the  dielectric  of  a  cable  increases  with 
’  ^qriare  of  the  applied  voltage  and,  after  decreasing  as  the 
^l^rature  rises  to  35°  C.,  it  thereafter  increases  rapidly  with 
!|*I>erature  ;  for  example,  the  dielectric  loss  in  certain  13  200  V, 
>,*°  cables  at  60  cycles  was  about  0*75  kW  /ml.  at  50°  C. ; 
~r>  kW  at  70°  C. ;  and  6*25  kW  at  100°  C.  The  dielectric  loss 
1  (nodern  33  000  V,  3-core  cables  at  50  cycles,  60°  C.  is  about 
%  k¥  per  ml. 

313-  Calculations  for  Three-Phase  Line  with  Trans- 
>rniers. — Where  extra  high  pressure  is  used  on  the  transmission 
1 11  1 1  is  generally  stepped  up  at  the  generating  station  and  down 

Z'ltxx  at  the  receiving  end.  About  3  0/o  (more  or  less)  is  lost  in 
%  transformation  at  full  load,  and  in  working  out  a  system  on 
lines  of  §  302  this  must  be  taken  into  account.  If  the  trans- 
auction  ratio  is,  say,  25  to  1  then,  when  the  pressure  is  either 

*  1  or  lowered,  the  inverse  ratio  must  be  applied  to  the  current; 

*  *H  can  be  done  subsequently,  as  it  simplifies  matters  if  the  line 
'"ssure  is  used  in  the  calculations  throughout. 

I*'or  example,  assume  that  3  000  kW  are  to  be  delivered  at  the  end  of  a  3-phase 
I  £>  mis.  long,  with  a  line  loss  of  about  10  °/0»  Power  factor  of  the  load 
!  Uj  0"S5  and  the  pressure  at  the  receiving  end  1  000  Y  between  lines.  Then 
ft,  transformer  ratio  of  25  to  1  the  equivalent  line  pressure  will  be  25  000  V 
the  pressure  to  neutral  will  be  14  430  V.  The  energy  delivered  by  each 
will  be  1  000  kW,  and  the  current  (1  000  x  1  000  /0*85  x  14  430),  or  say 

:  A.  - 

I^roceeding  as  in  §§  302,  306  the  nearest  size  of  wire  will  be  No.  4  S.W.G., 
*4  ****,cVi  branch,  may  be  assumed  to  have  the  following  approximate  character- 
;  Resistance  =  16*05  U;  inductance  =  25-62  mH;  reactance  =  9*66  U; 
pMf  ity  =  0*264  /-iF.  These  data  may  either  be  worked  out  or  taken  from  Table 
„  n,  u  xning  suitable  spacing. 

transformers  at  both  ends  are  assumed  to  have  the  following  character- 
:  Efficiency,  97  °/0;  copper  loss,  1  °/0 ;  hysteresis,  14  °/G ;  reactance,  3^  %I 
**K#i€»tising  current,  4  °/c.  As  the  power  factor  of  the  load  (cos  <p)  is  0*85,  the  in- 
ion  factor  (sin  <p)  will  be  0*52. 

**  XjOw,  P.F.  is  particularly  important  in  high-voltage,  high-power  cables  be- 
GGuch.  1  °/0  of  the  total  kVA  then  represents  a  large  amount  of  energy  and 
^mfore  appreciable  heating  of  the  dielectric,  the  break-down  strength  of  which 
rf«$a»es  as  the  temperature  rises.  It  is  now  (1923)  possible  to  make  -14  000  V, 
r^ro  cables  with  a  P.F.  not  exceeding  1  %  temperatures  up  to  55°  or  60°  0. 

of  air-core  telephone  cables,  in  which  paper  is  used  only  as  a  mechanic! 
to  hold  the  wires  apart,  may  be  as  low  as  0*2  °jq. 
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Table  47. — Voltage  Components,  Current  and  Power  in 
3 -Phase  Overhead  Line  with  Transformers. 


Voltage. 

Current. 

Power. 

Energy. 

Induction. 

V 

V 

A 

Secondary  circuit — 

Energy  component  85  °/0  of 
14  430  V 

12  265 

_ 

_ 

Total  power  at  end 

12  265  x  82  x  3 
=  3  017  kW. 

Induction  component  52  °/0 

7  503 

of  14  430  y  . 

— 

— . 

Current 

— 

— 

82 

Step-down  transformers — 

144 

Resistance  loss  1U/D  of  14  4su  V 

— 

-  1 

Loss  80  kW. 

Reactance  loss  3£  %  of  14  430  V  1 

— 

505 

Hysteresis  loss  °/0  of  82  A  . 

— 

— 

1*2  J 

Data  at  high-tension  side  of 

Power  to  transfor¬ 

transformer  .  .  . 

12  409 

8  008 

83*2 

mers  3  097  kW. 

Line — 

Loss  334  kW. 

Resistance  loss  (16*05  x  83*2)  V 

1  336 

— 

— 

Reactance  loss  (9*66  x  83*2)  V  . 

— 

804 

• — 

^(13  7452  +  8  8123)  =  16  329  V 

at  terminals  of  step-up  trans¬ 

Power  to  line  3  431 

former  . 

13  745 

8  812 

83*2 

kW. 

Step-up  transformers — 

163 

Resistance  loss  1  °/0  of  16  329  V 
Reactance  loss  3J  °/Q  of  16  329  V 

— 

-  \ 

Loss  94  kW. 

— 

572 

“  / 

Hysteresis  loss  lj  °/0  of  88*2  A  . 

— 

— 

1*3 

J(13  9082  +  3  9842)  =  17  030  V 
at  generator  terminals  .  • 

13  908 

j  9  384 

84-5 

Power,  3  525  kW. 

The  working  may  now  be  set  out  as  in  Table  47,  from  which  it  will  be  seen 
that  the  pressure  between  lines  at  the  generator  terminals  is  17  030  x  ^3  or 
29  450  V  and  the  current  £4*5  A  ;  if  the  ratio  of  the  transformation  is  25  to  1,  then 
the  actual  values  will  be  1  180  V  and  2  110  A.  The  efficiency  of  transmission  is 
(Power  delivered  /  Power  generated)  =  3  017  /  3  525  or  85£  %•  The  °*  t^10 
whole  circuit  will  be  (kW  delivered  /  kVA  generated)  =  3  017  /  4  320  or  0*7. 

This  method  of  calculation  is  applicable  to  any  installation  of 
transformers  on  an  A.C.  system. 

314.  Star  and  Delta  Connections  of  Generator. — Hitherto 
we  have  dealt  with  a  3-phase  3-wire  line  and  the  conditions  in  it, 
but  largely  by  reference  to  the  pressure  from  any  phase  wire  to 
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the  neutral  point.  Now,  as  any  two  wires  act  as  the  return  for 
the  third,  at  both  ends  of  the  line  the  phase  wires  must  in  some 
manner  be  interconnected.  For  instance,  at  the  generating  end 
there  are  the  coils  on  the  generator ;  if  the  pressure  is  stepped  up 
or  down  there  are  the  coils  on  the  transformers ;  at  the  receiving 
end  there  may  be  the  stator  coils  of  a  motor,  or  the  phases  may 
be  used  as  separate  single-phase  circuits.  Either  the  star  or  the 
delta  arrangement  may  be  used  (§  143). 

First  consider  the  coils  of  a  generator  and  the  wires  leading  from  them,  in 
the  example  of  3-phase  transmission  with  P.F.  0*88  at  the  generator  end  discussed 
in  §§  301-303. 

With  star  connection  one  end  of  each  generator  coil  connects  on  to  one  wire 
of  the  line,  so  the  current  must  obviously  be  the  same  in  coil  and  wire,  viz.  102  A. 
The  other  ends  of  the  three  coils  are  all  joined  together  at  the  neutral  point 
(which  may  or  may  not  be  ‘  earthed  ’),  so  the  pressure  developed  in  each  coil  will 
be  the  pressure  from  line  wire  to  neutral,  viz.  3  885  V.  The  power  generated  in 
each  coil  is  IE  cos  <p  i.e.  102  x  3  885  x  0-88  =  352  kW,  or  1  056  kW  for  the  whole 
generator. 

With  delta  connection  the  ends  of  the  generator  (or  transformer)  coils  are 
connected  in  delta  (A)  or  triangle,  and  the  neutral  point  may  be  considered  as  in 
the  middle  of  the  triangle ;  the  line  wires  take  off  from  the  junction  points  (as 
shown  in  Fig.  36,  §  143).  It  will  be  seen  that  each  line  wire  is  being  supplied  with 
current  by  two  generator  coils,  and  the  current  in  each  coil  will  be  (Line  current 
/  „JS)  =  102  /  1*73  or  58*8  A.  As  each  generator  coil  is  connected  directly  between 
two  line  wires  the  pressure  developed  in  it  must  be  the  full  line  pressure  or  6  730 
V.  Here  also  the  power  generated  in  each  coil  is  IE  cos  <£,  i.e.  58*8  x  6  730  x 
0*88  =  352  kW  or  1  056  kW  for  the  whole  generator. 

315.  Extra  High  Voltage  Transmission. — It  will  be  seen 
from  the  general  formula  in  §  295  that  the  sectional  area  of  con¬ 
ductor  required  to  transmit  any  stated  amount  of  power  for  a 
given  distance  with  specified  loss  varies  inversely  with  the  square 
of  the  voltage  between  lines.  In  other  words  the  cost  of  the 
conductors  themselves  varies  inversely  with  the  square  of  the 
transmission  voltage.  This  statement  holds  good  in  practice,  at 
least  up  to  the  voltage  at  which  corona  (§  316)  requires  the  use  of 
a  larger  conductor  than  would  otherwise  be  needed.  Alternatively, 
the  amount  of  power  which  can  be  transmitted  by  conductors  of 
stated  size  increases  with  the  square  of  the  voltage  between  lines. 
Thus,  according  to  requirements,  we  can  use  smaller  conductors  or 
fewer  circuits  in  the  transmission  system  by  working  at  higher 
voltages.  The  cost  of  towers  and  of  wayleaves  is  reduced  by  re¬ 
ducing  the  number  of  circuits  but,  on  the  other  hand,  higher 
voltages  involve  greater  outlay  upon  insulators  and  more  costly 
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towers,  if  the  spacing  between  conductors  has  to  be  increased. 
In  practice  it  is  generally  found  that  the  cost  of  transmission 
lines  for  pressures  higher  than,  say,  66  000  V  increases  in  direct 
proportion  with  the  line  voltage.  As  the  carrying  capacity  in¬ 
creases  with  the  square  of  the  line  voltage  there  is  a  wide  margin 
in  favour  of  higher  voltages  wherever  the  amount  of  power  and 
the  distance  of  transmission  justify  the  higher  cost  of  transformers 
and  switchgear  for  the  higher  pressure.  The  relative  merits  of 
different  voltages  must  be  determined  by  comparing  detailed 
estimates  for  the  alternative  schemes,  and  an  allowance  (varying 
with  circumstances)  must  be  made  for  the  fact  that  the  security 
of  supply  is  reduced  when  working  at  higher  voltage  over  fewer 
circuits. 

In  Great  Britain  there  is  no  water-power  of  any  considerable  magnitude,  ex¬ 
cepting  tidal  power  which  is  still  of  problematical  utility.  Energy  developed  in 
coal-burning  or  other  thermal  power  stations  cannot  economically  be  transmitted 
more  than,  say,  50-100  mis.  because  this  distance  brings  us  either  outside  the 
industrial  area  or  into  an  adjoining  coalfield.  It  is  therefore  improbable  that 
pressures  exceeding  40-60  kV  will  be  required  for  overhead  transmission  in 
Great  Britain.  On  the  Continent  of  Europe  and  most  other  parts  of  the  world,  ex¬ 
cepting  the  United  States,  100  to  120  kV  appears  to  be  about  the  economic  limit 
of  voltage  for  overhead  transmission,  this  pressure  being  sufficient  to  carry  hydro¬ 
electric  power  economically  to  industrial  areas  capable  of  absorbing  it. 

The  United  States,  with  enormous  industrial  demands  at  long  distances  from 
equally  large  water-power  projects,  is  the  home  of  ‘  super-transmission  ’  schemes. 
At  the  time  of  writing,  the  Southern  Californian  Edison  Co.  is  converting  its  two 
150  kV,  55  000  kW,  3-phase  circuits  from  the  Big  Creek  hydro-electric  development 
to  Los  Angeles  (240  mis.)  for  operation  at  232  kV,  thus  increasing  the  power  capacity 
of  the  lines. 

Tests  by  the  General  Electric  Co.  (Schenectady)  in  1921  demonstrated  that 
power  could  be  transformed  to  1  100  kV  at  60  cycles  /  sec.  and  transmitted  at  this 
pressure,  using  tubular  conductors  of  4  ins.  dia.  to  avoid  corona  (§  316).  The  spark- 
over  distance  between  points  at  1  000  kV  is  about  105  ins.  This  investigation  is 
mainly  of  interest  as  regards  pressure  testing  and  the  determination  of  physical 
laws.  It  demonstrates,  however,  that  power  transmission  at  commercial  fre¬ 
quencies  is  feasible  at  much  higher  pressures  than  yet  used.  Probably  power 
could  be  transmitted  1  000  mis.  with  equipment  representing  a  mere  extension 
of  present-day  practice,  but  the  cost  of  tubular  conductors  and  of  the  insulators 
required  would  be  abnormally  high,  and  it  is,  at  present,  generally  possible  to  sell 
within  a  radius  of  200  or  300  mis.  all  the  hydro-electric  power  which  can  econ¬ 
omically  be  developed.  Save  for  this  general  consideration,  however,  there  is 
nothing  to  indicate  that  existing  transmission  pressures  and  distances  will  not  be 
greatly  exceeded  (§§  318,  319). 

316.  Corona  Discharge. — The  term  ‘  corona  ’  is  generally 
applied  to  the  discharge  which  takes  place  from  a  charged  body 
in  air  when  the  electrostatic  stress  is  sufficient  to  ionise  the 
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layers  of  air  in  contact  with  the  body,  thus  rendering  them 
electrically  conducting.  At  higher  values  of  the  electrostatic 
stress  there  occurs  a  brush  discharge  or,  if  the  stress  he  high 
enough,  flash-over  to  an  adjacent  body.  Corona  discharge  occurs 
from  overhead  transmission  conductors  at  high  pressures  (rarely 
below  IOO  kV  between  phases  with  usual  sizes  and  spacings  of 
conductors),  and  it  is  also  liable  to  occur  from  the  sharp  edges 
of  charged  metal  in  oil-immersed  apparatus,  and  in  air  films  in 
or  between  layers  of  solid  dielectric.  In  the  latter  case,  as  in 
cables,  it  quickly  deteriorates  the  insulating  material  by  its 
heating  and  chemical  effects  and  so  leads  to  break-down. 

In  high-voltage  cables  and  coil  insulation  air  films  must  be 
eliminated  at  all  costs  (§  79).  In  switchgear,  transformers, 
mercury  rectifiers,  and  other  apparatus  where  corona  might  give 
trouble,  the  discharge  may  be  eliminated  by  the  use  of  well- 
rounded  parts  (so  as  to  reduce  the  electrostatic  stress,  §  288)  or 
the  possible  source  of  corona  may  be  separated  from  the  danger 
space  ( e.g .  a  space  filled  with  air  and  oil  vapour)  by  an  earthed 
metallic  screen.  The  factors  determining  the  occurrence  of  corona 
on  overhead  transmission  lines  are  shown  in  the  formula  below ; 
increasing  the  distance  between  conductors  is  a  costly  and 
relatively  ineffective  method  of  reducing  the  loss ;  in  any 
particular  case  the  voltage  and  frequency  are  fixed,  and  atmos¬ 
pheric  conditions  are  beyond  control ;  the  only  remaining  method 
of  reducing  the  loss  is  to  increase  the  diameter  of  the  conductor, 
e.g.  by  the  use  of  steel-cored  copper  cable  or  aluminium  (§  331). 
Corona  leads  to  corrosion  of  conductors  by  causing  the  formation 
of  nitrous  acid,  and  the  power  dissipated  by  the  discharge  may 
be  a  serious  factor. 

The  following  data  are  due  to  F.  W.  Peek :  *  The  disruptive  critical  voltage 
of  air  (at  which  voltage  corona  actually  commences  in  practice,  due  to  dirt  and 
irregularities  on  the  surface  of  the  conductor)  is  given  by — 

g 

e  =  g Mrl  3oge 

where  e  =  disruptive  critical  voltage,  in  kV  (R.M.S.)  to  neutral ; 
g  =5  disruptive  pressure  gradient  of  air; 

=  21*1  kV  (R.M.S.)  per  cm.  for  all  conductors  and  commercial  fre¬ 
quencies  at  25°  C.  and  76  cms.  barometric  height ; 

M  =  1*0  for  polished  wires ;  0*98-0*93  for  rough  or  weathered  wires  ; 
0*87-0*83  for  7-strand  conductors ; 


•  *  Trans.  Amer.  I.E.E. ,  Vol.  30,  p.  1889 ;  Vol.  31,  p.  1051 ;  Yol.  32,  p.  1767, 

441 


§  3i7  ELECTRICAL  ENGINEERING  PRACTICE 

r  =  radius  of  conductor,  in  cms. ; 

5  ==  an  air  density  factor  =  3*92  b  /  (273  +  t ),  where  b  =  barometric 
height  in  cms. ;  t  -  temperature  in  °C. ; 

S  =  distance  between  centres  of  conductors,  in  cms. ; 
log  =  2*303  log10. 

The  power  loss  by  corona  is  given  by — 

p  =  T/Vi('B_8)2x  10'5’ 

where  P  =  power  loss,  in  kW  per  km.  per  coniuctor ; 

/  =  cycles  per  sec. ; 

E  =  R.M.S.  pressure  between  line  and  neutral,  in  kV ;  and  the  other 
symbols  have  the  same  meanings  as  before. 

(Note. — 1  in.  =  2*54  cms. ;  1  ml.  =  1*61  km.) 

Within  the  range  of  the  tests  (47-120  cycles)  the  power  loss  by  corona  varies 
directly  with  the  frequency.  At  zero  frequency  (D.C.)  the  loss  is  from  the 
loss  at  60  cycles  for  the  same  maximum  voltage. 

The  above  formula  relate  to  fair  weather  conditions.  To  determine  the 
power  loss  in  foul  weather,  take  e  =  80  °/0  of  the  fair  weather  value.  The 
operating  voltage  should  not  exceed  e  or  the  corona  loss  will  be  very  high  during 
fog,  rain,  or  snow,  or  when  the  conductor  surface  is  rough. 

317.  Thury  Constant-current  System.— This  system  of 
direct-current  transmission  employs  the  same  general  principles 
as  are  applied  in  constant-current  series-arc  circuits  (Chapters 
19,  25),  but  much  higher  pressure  and  power  are  now  involved. 
A  number  of  series-wound  generators  (§  138)  are  connected  in 
series  to  supply  a  number  of  loads  also  in  series,  the  loads  being 
generally  motors  driving  auxiliary  generators  in  substations,  and 
the  voltage  of  the  main  generators  being  varied  to  maintain  the 
current  constant.  This  system  is  used  fairly  extensively  on  the 
Continent,  where  constant  currents  from  50  up  to  450  A  are  used 
in  various  installations  with  maximum  circuit  pressures  up  to 
100  kV.  The  Moutiers -Lyons  scheme  is  the  most  important  yet 
erected.*  In  England,  the  Metropolitan  Electric  Supply  Co.  has 
a  Thury  transmission  designed  for  10  000  kW  and  a  maximum 
pressure  of  100-120  kV,  using  single-conductor,  lead-sheathed 
cables  with  core  section  0T25  sq.  in.  and  |  in.  of  paper  in¬ 
sulation.  This  transmission  will  ultimately  serve  an  area  of 
300  sq.  mis.  or  so  in  Western  London,  and  represents  the  most 


*  Much  information  concerning  this,  as  well  as  a  detailed  treatment  of  the 
principles,  advantages,  and  disadvantages  of  the  Thury  system,  is  to  be  found  in 
General  Electric  Review ,  Vol.  18,  p.  1026  et  seq. ;  other  papers  which  may  be 
consulted  are :  Jour.  I.E.E. ,  Vol.  38,  p.  407 ;  Vol.  39,  p.  848 ;  Vol.  51,  pp.  443, 
640. 
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economical  solution  to  the  problem  of  supplying  an  undeveloped 
but  rapidly  growing  district  in  which  overhead  transmission  is 
not  considered  permissible,  whilst  underground  A.C.  transmission 
would  be  impracticable. 

Though  the  P.D.  between  points  in  the  windings  of  a  generator 
or  motor  in  a  Thury  circuit  may  be  limited  to,  say,  3  000  or 
5  000  V,  the  line  pressure  at  this  point  may  be  100  000  Y  above 
earth  pressure ;  hence  it  is  necessary  to  carry  the  bedplate  of 
the  machine  on  insulators  and  to  place  the  cement  foundation 
block  on  insulators  and  surround  it  by  a  filling  of  asphalt  and 
bitumen.  Insulating  couplings  are  necessary  between  generator 
and  prime  mover ;  and  commutators  for  high  pressures  are  costly 
and  need  much  attention.  Advantages  and  disadvantages  may 
be  thus  summarised : — 

Advantages. — Economy  in  distribution  due  to  use  of  high  pressures  (§  315). 
Possibility  of  using  higher  pressure  than  with  A.C.  for  given  insulation  strain 
(§  298).  Inductance,  capacity,  phase  displacement,  and  voltage  surge  problems 
are  eliminated,  and  dielectric  loss  in  cables  reduced  practically  to  zero.  The  only 
loss  of  importance  is  that  due  to  ohmic  resistance  of  the  line ;  the  percentage  value 
of  this  loss  is  not  serious  when  the  constant  current  for  the  power  available  is  so 
chosen  that  the  circuit  is  normally  worked  near  the  limit  of  practicable  voltage. 
(At  present  the  limiting  voltage  for  D.C.  cables  is  about  150  kV  to  earth  or  300 
kV  between  extreme  conductors.)  On  the  other  hand,  since  the  current  is  con¬ 
stant,  ohmic  losses  in  the  line  are  also  constant,  so  that  the  efficiency  of  a  Thury 
transmission  on  light  loads  is  low.  The  aim  must  be  low  current  and  high 
voltage,  i.e.  minimum  ohmic  loss  and  maximum  useful  load  to  reduce  the  per¬ 
centage  importance  of  the  loss. 

The  earth  can  be  used  as  return  path  in  a  Thury  circuit,  or  it  can  be 
‘  tapped  *  to  replace  the  function  of  a  broken-down  section  of  a  metallic  circuit. 
The  ohmic  loss  in  the  earth  path  is  small,  but  there  is  a  certain  liability  to  electro¬ 
lytic  trouble  near  the  earth  plates.  Instead  of  being  used  as  an  active  conductor, 
the  earth  may  be  used  as  neutral  to  limit  the  voltage,  line  to  earth,  to  half  the 
total  pressure.  One  or  more  generators  can  be  connected  in  series  with  a  Thury 
circuit  at  any  convenient  point,  say  where  there  is  a  waterfall  which  might  be 
so  small  as  not  to  justify  development  on  any  other  system  (§  144).  One  of  the 
most  important  advantages  of  the  Thury  system  is  that  it  provides  a  flexible  and 
efficient  means  of  interconnecting  heterogeneous  generating  systems  (§  186).  By 
using  motor  generators  consisting  of  constant-current  series  motors  and  A.C.  or 
D.C.  generators  as  may  be  required,  any  number  of  A.C.  or  D.C.  networks  can  be 
interconnected,  energy  being  transferred  from  one  to  another  through  the  Thury 
circuit  and  motor  generators ;  this  arrangement  has  been  proposed  as  a  possible 
solution  to  the  problem  of  co-ordinating  electricity  supply  in  London. 

No  transformation  of  pressure  is  required  in  a  Thury  circuit,  and  no  general 
switchboards  are  required.  The  switches  used  are  very  simple,  machines  being 
short-circuited  when  idle,  and  tapped  into  the  circuit  when  working.  The  series 
circuit  is  never  opened,  and  in  place  of  automatic  circuit-breakers  there  are  relays 
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shifting  the  brushes  to  zero  in  case  of  generator  break-down  or  accidental  open- 
circuit.  There  is  nothing  in  a  Thury  station  corresponding  to  the  synchronising 
of  A.G.  generators,  and  the  load  is  shared  automatically  by  all  the  series  generators 
even  with  10  °/0  difference  in  the  speed  of  the  sets. 

Disadvantages. — The  constant  current  of  the  circuit  cannot  be  subdivided, 
and  rotary  machines  are  required  to  yield  A.C.  or  D.C.  for  distribution  purposes. 
The  insulation  of  the  generator  and  motor  frames  is  a  serious  problem.  A  500 
H.P.  motor  in  a  200  A,  D.C.  circuit  would  have  to  be  insulated  in  its  windings  for 
about  3  000  V  (to  allow  for  50  %  overload) ;  the  frame,  however,  would  have  to 
be  insulated  from  earth  for  the  full  -line  voltage,  which  might  be  100  000  V. 
High-power,  high-voltage  machines  offer  difficulties  in  the  way  of  commutation ; 
about  5  000  V  per  commutator  is  the  upper  limit  at  present,  so  that  twenty  com¬ 
mutators  are  required  for  100  000  V  line  pressure.  Speed-governors  or  brush- 
shifting  gear  or  both  are  required  on  constant-current  generators  to  provide  for 
voltage  regulation. 

Though  the  commutators,  generators,  and  motor  governors 
and  frame  insulation  are  costly  items  in  a  Thury  system,  the  cost 
of  transmission  conductors  is  less  than  for  A.C.  systems  (§  334), 
particularly  where  cables  are  concerned,  and  to  an  even  greater 
degree  where  the  earth  is  used  as  one  conductor.  It  is  not  con¬ 
sidered  likely  that  the  Thury  system  will  ever  compete  with 
long-distance,  overhead  3-phase  transmission  as  at  present  de¬ 
veloped,  but  the  constant-current  D.C.  system  is  undoubtedly  the 
best  where  transmission  must  be  effected  over  considerable  distance 
by  underground  cable ;  also  it  has  very  valuable  application  in 
linking  together  power  schemes  which  have  or  have  not  the  same 
voltage,  frequency,  etc. 

318.  Quarter-wave  and  Half-wave  Transmission  Lines. — 

A  ‘  quarter- wave  ’  transmission  line  is  one  of  such  length  that 
the  time  taken  for  an  alternating  current  to  flow  from  one  end 
to  the  other  equals  one-quarter  period  of  the  A.C.  concerned; 
similarly,  a  ‘  half-wave  *  line  is  of  such  length  that  the  time  occu¬ 
pied  equals  one-half  period  of  the  current.  If  the  velocity  of  flow 
be  equal  to  the  velocity  of  light  (say,  186  000  mis.  per  sec.),  and 
if  A.C.  at  50  cycles  per  sec.  be  used,  the  length  of  a  quarter- wave 
line  is  about  186  000  /(}  x  ^)  =  930  mis. ;  and  that  of  a  half¬ 
wave  line  is  about  1  860  mis.  In  terms  of  the  inductance  and 
capacity  of  the  line  the  length  of  the  quarter-wave  line  is 
1/(4 f^/LG)  mis.,  and  of  the  half-wave  line  1/(2 f^jLG)  mis., 
where  /  =  cycles  per  sec.,  and  LG  =  inductance  and  capacity 
per  mL  If  the  product  LG  be  increased  ( e.g .  by  the  addition 
of  reactance  coils  to  the  circuit  and  the  rise  of  underground 
cables)  the  route  length  of  a  quarter-  (or  half-)  wave  line  may  be 
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reduced  to  a  few  hundred  miles.  Lines  of  these  electrical  lengths 
have  distinctive  properties  of  considerable  value  from  the  point 
of  view  of  power  transmission ;  and  it  has  been  suggested  that 
such  lines  could  be  used  to  advantage  for  the  transmission  of 
power  over  relatively  short  distances  the  line  being  then  4  loaded  ’ 
as  above,  or  over  very  long  distances,  only  the  natural  induct¬ 
ance  and  capacity  of  overhead  lines  being  then  in  circuit.  The 
following  notes  indicate  the  possibilities  and  limitations  of  the 
two  systems  *  {see  also  §§  135  (1)  and  (4);  158) : — 

The  method  at  present  standard  for  the  transmission  of  A.C.  power  consists 
in  the  delivery  of  a  variable  current  (according  to  the  load)  at  constant  voltage* 
In  order  to  maintain  constant  voltage  at  the  load,  the  voltage  at  the  input  end  of 
the  line  must  be  increased  as  the  load  increases,  so  as  to  compensate  for  the 
higher  pressure  drop  in  the  line.  Where  a  large  amount  of  power  has  to  be 
transmitted  for  long  distances  a  wide  range  of  voltage  regulation  is  required  at 
the  supply  end,  and  the  power  loss  in  the  line  is  a  serious  consideration. 

The  Quarter-wave  System. — A  quarter-wave  line  is  in  resonance  (§  47)  on 
open  circuit  and  the  characteristics  of  the  circuit  are  such  that,  neglecting  re¬ 
sistance,  constant  current  input  is  required  for  the  maintenance  of  constant 
voltage  at  the  delivery  end.  In  practice  it  would  be  necessary  to  increase  the 
current  input  somewhat  to  compensate  for  the  higher  ohmic  loss  at  higher  loads 
hut,  fundamentally,  the  system  is  one  of  constant  current  input  and  its  applica¬ 
tion  would  require  the  use  of  constant-current  alternators  (which  are  not  standard 
machines).  As  the  pressure  along  the  line  varies  with  the  load  delivered,  it  is 
impracticable  to  tap  energy  from  a  quarter- wave  line  at  any  intermediate  point ; 
the  system  is  only  applicable  to  ‘  through  1  transmission  of  energy  from  point  to 
point.  The  route  length  of  a  quarter- wave  line,  with  only  the  inductance  and 
capacity  of  air  lines  in  circuits,  is  about  750-900  mis.  using  50-cycle  current,  and 
1 500-1  800  mis.  using  25-cycle  current. 

The  Half-wave  System. — A  half-wave  line  may  be  regarded  as  two  quarter- 
wave  lines  placed  end  to  end.  With  constant  voltage  supply  at  the  input  end 
there  is,  neglecting  resistance,  constant  voltage  at  the  delivery  end  and  constant 
current  at  the  centre  of  the  line.  Maximum  voltage  in  the  line  is  at  points  about 
one-quarter  the  total  length  of  the  line  from  each  end  and  is  there  equal  to  the 
station  voltage  which  would  be  required  in  an  ordinary  A.C.  system  for  trans¬ 
mission  over  this  quarter  distance.  In  other  words,  the  half-wave  system  makes 
possible  transmission  over  four  times  the  length  of  an  ordinary  transmission  line 
with  the  same  maximum  voltage  in  the  circuit. 

As  the  voltage  at  intermediate  points  varies  with  the  load  the  half-wave 
system  is  limited  to  ‘  through  ’  transmission  from  end  to  end,  except  that  supply 
can  also  be  taken  at  or  near  the  centre  from  the  constant-current  portion  of  the 

*  For  a  detailed  investigation  of  the  characteristics  of  long  transmission  lines, 
see  Theory  and  Calculation  of  Transient  Electric  Phenomena  and  Oscillations,  by 
C.  P.  Steinmetz  (McGraw,  Hill  Co.).  The  notes  here  given  are  from  papers  on 
the  basic  equations  of  quarter- wave  and  half-wave  lines,  with  numerical  examples, 
abstracted  from  Rev.  Gin.  d’ JtllectriciU  in  El.  Rev.,  Vol.  87,  pp.  250  et  sey. 
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line.  With,  only  the  inductance  and  capacity  of  overhead  lines,  the  route  length 
of  a  half-wave  line  is  about  1  500-1  800  mis.,  using  50-cycle  current  (3  000- 
3  600  mis.  for  25  cycles),  but  the  route  length  could  easily  be  reduced  to  300  mis. 
by  the  use  of  reactance  coils  of  reasonable  dimensions  in  the  case  of  lines  for 
10  000  kW  or  so.  For  higher  power,  up  to,  say,  50  000  kW,  extra  capacity  is  also 
required  in  the  circuit ;  this  could  be  provided  by  using  condensers  and  f  or  some 
underground  cable,  but  it  would  generally  be  sufficient  merely  to  subdivide  the 
line  conductors. 

The  half-wave  system  could  be  used  with  standard  (constant-voltage) 
alternators.  Its  advantages,  compared  with  a  plain  transmission,  are :  (1)  Elimi¬ 
nation  of  the  effects  of  inductance  and  capacity  on  the  voltage  regulation  required 
at  the  supply  station ;  the  station  voltage  is  higher  than  the  delivered  voltage 
only  by  the  amount  of  the  ohmic  (IB)  drop.  (2)  Longer  distance  transmission 
feasible  with  the  same  maximum  line  voltage.  (3)  Lighter  conductors  and  better 
voltage  regulation  for  given  variations  in  load  kW  and  P.F.  Its  disadvantage  is 
that  energy  cannot  be  tapped  intermediately  except  at  the  centre  point  and  there 
only  by  special  constant-current  equipment. 

319.  Six-Phase  Underground  Transmission  at  100-150  kV. 

— The  system  proposed  by  A.  M.  Taylor  (Jour,  I.E.E. ,  Vol.  61, 
p.  220)  employs  single-core  cables  with  intersheaths  (§  288)  which 
are  utilised  for  power  transmission  as  well  as  to  relieve  the  pressure 
gradient  on  the  insulation  near  the  main  core.  Two  star-connected 
transformer-secondaries  are  arranged  so  as  to  yield  a  6-phase 
supply,  the  terminals  of  which  (in  sequence)  are  connected  to  the 
central,  intermediate,  and  outer  cores  of  one  cable  A ,  and  to  the 
corresponding  cores  of  a  second  cable  B.  The  intermediate  point 
of  the  6 -phase  system,  between  the  points  connected  to  the  outer 
cores,  being  earthed,  and  the  system  being  operated  at  60  000  V, 
the  P.D.  between  the  central  and  intermediate  cores  (and  between 
the  intermediate  and  outer  cores)  is  30  000  Y,  whilst  that  between 
the  outer  core  and  the  lead  sheathing  is  17  800  V. 

When  the  load  increased  a  similar  6-phase  system  with  two  cables  could  be 
added,  the  connections  being  such  that  the  diametral  voltages  of  the  two  6-phase 
systems  would  combine,  making  possible  the  superimposing  of  single-phase 
transmission  at  123  000  V  on  the  two  pairs  of  oables.  Finally,  a  third  6-phase 
system  could  be  added  (again  with  its  own  pair  of  cables)  in  such  vector  relation¬ 
ship  that  there  could  be  transmitted  6-phase  current  in  each  pair  of  cables,  and 
3-phase  current  at  100  000  V  (or  even  150  000  V)  through  the  three  lines,  each  of 
which  consists  of  one  pair  of  cables.  The  use  of  intersheaths  reduces  the  current 
flowing  through  the  inner  layers  of  dielectric,  where  the  volume  of  material  is 
least  and  the  heating  consequently  greatest,  and  whence  the  escape  of  heat  is 
most  difficult.  By  feeding  capacity  current  to  the  intersheaths  at  sub-stations  along 
the  route,  the  transmission  of  such  current  through  the  central  cores  may  be 
eliminated ;  also,  the  capacity  current  may  be  made  to  neutralise  the  reactance 
drop  due  to  loads  at  lagging  power  factor  (§  159) ;  the  A.C.  transmission  is  then 
as  efficient  as  D.G.  transmission,  in  that  it  is  subject  only  to  ohmic  pressure  drop, 
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The  increased  eddy  currents  in  the  lead  sheathing  of  single-core,  compared  with 
3-core,  cables  are  claimed  not  to  be  serious  provided  that  the  cable  centres  be  not 
more  than  6  or  7  ins.  apart ;  in  armoured  cables  the  eddy  current  loss  is  a  more 
serious  consideration.  A  supplementary  explanation  of  this  system  is  given  in  EL 
Rev.,  Yol.  92,  p.  648. 

320.  Interconnection  of  Transmission  Systems. — For  the 

reasons  outlined  in  §  186  it  is  becoming  increasingly  common 
to  interconnect  A.C.  transmission  systems  so  that  power  can  be 
transferred  from  one  to  another  at  will.*  The  voltage  and  power 
factor  conditions  in  the  interconnecting  line  are  both  important ; 
their  relation  is  discussed  fully  in  a  paper  by  L.  Romero  and 
J.  B.  Palmer  ( Jour .  I.E.E. ,  Vol.  60,  p.  287),  from  which  the 
following  points  are  extracted : — 

To  obtain  any  desired  division  of  load  between  two  interconnected  A.C.  power 
stations  it  is  necessary  to  adjust  the  steam  (or  water  or  gas,  etc.)  supply  to  the 
prime  movers.  Mere  adjustment  of  generator  fields,  or  the  raising  by  other 
means  of  the  voltage  at  the  ‘sending’  end  of  the  interconnector,  only  causes 
wattless  kVA  to  flow  through  the  circuit,  the  kW  remaining  constant  except  for  the 
additional  copper  loss  in  the  interconnector  (§  155).  Adjustment  of  voltage,  in 
addition  to  prime  mover  control,  is  sometimes  necessary. 

When  current  flows  through  a  circuit  having  resistance  and  reactance  (such  as 
the  interconnector,  with  or  without  transformers)  there  is  an  impedance  drop 
(IZ)  which  causes  the  voltage  at  the  two  ends  of  the  circuit  to  differ  in  magnitude 
or  phase  or  both. 

If  the  station  voltages  are  constant  and  equal ,  the  mean  P.F.  of  transmis¬ 
sion  remains  at  a  constant  leading  value,  and  the  power  factors  at  the  station 
ends  of  the  interconnector  vary  (slightly)  in  opposite  directions  as  the  load  varies 
or  reverses.  Power  up  to  the  capacity  of  the  line  may  be  transmitted  in  either 
direction  without  varying  the  voltage  or  mean  P.P.  This  method  might  be  used 
to  connect  two  stations  each  with  a  load  at  or  near  unity  P.F.,  but  most  stations 
are  unable  to  take  a  bulk  supply  at  leading  or  unity  P.P.  without  serious  dis¬ 
turbance  to  their  operating  conditions. 

If  the  station  voltages  are  constant  and  unequal,  the  P.F.  of  the  transmission 
varies  from  lag  towards  lead  as  the  load  increases.  This  method  is  suitable  only 
for  transmitting  power  in  one  direction  because  a  reversal  of  power  would  flow  at 
a  low  leading  P.F. 

If  the  station  voltages  are  varied  with  load,  by  induction  regulators  boost¬ 
ing  transformers  (Chapter  17)  or  other  means,  the  P.F.  may  be  kept  constant  at 
any  desired  value  within  the  available  range  of  voltage  variation.  This  method 
is  necessary  in  most  cases.  The  use  of  a  boosting  device  makes  possible  control 
of  the  transmission  P.F.  without  varying  the  bus  bar  voltage.  Formulae  for 
determining  the  P.F.  of  the  line  current  with  given  load  and  voltage  boost,  or  the 
boost  required  to  transmit  a  stated  load  at  given  P.F. ,  are  to  be  found  in  the 
paper  (loc.  cit.). 


*In  the  great  interconnected  transmission  networks  of  the  United  States, 
some  of  the  power  is  transmitted  500  or  600  mis.  when  there  is  a  local  shortage 
of  coal  or  water. 
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321.  Synchronising  Effect  of  Parallel  Transmission  Lines. 

— If  two  alternators  be  connected  each  to  one  of  a  pair  of  trans¬ 
mission  lines,  which  are  electrically  independent  but  physically 
parallel  to  each  other  on  the  same  poles  or  towers,  the  two  circuits 
have  a  synchronising  effect  which  tends  to  hold  the  generators  in 
synchronism  or  in  anti-phase,  according  to  the  arrangement  of  the 
line  conductors.*  In  order  that  the  paralleling  of  apparatus  in  a 
sub-station  may  be  helped  (instead  of  being  hindered)  by  the 
synchronising  effect  of  the  transmission  lines,  the  conductors  of 
one  line  should  be  placed  in  phase  sequence  1 — 2 — 3  down  one 
side  of  the  tower,  those  of  the  other  line  being  in  sequence  3 — 2 — I. 
That  is  to  say,  similar  phases  in  the  two  lines  should  be  diametri¬ 
cally  opposite  to  each  other  and  not  in  the  same  relative  positions 
on  each  side  of  the  tower.  This  diametrical  relation  must,  of 
course,  be  retained  at  each  transposition  of  the  wires. 

322.  Wayleaves. — Before  any  overhead  transmission  line  can 
be  erected  it  is  necessary  (in  Great  Britain)  to  obtain  permission 
(a)  from  the  Ministry  of  Transport;  (6)  from  the  owner  of  the 
ground  traversed.  Fortunately,  it  is  now  much  easier  than  in  the 
past  to  obtain  the  requisite  official  and  private  consent.  The 
abolition  of  the  absolute  power  of  veto  formerly  possessed  by 
local  authorities  is  an  important  reform. 

Under  the  provisions  of  the  G-eneral  and  Special  Acts  or  Orders  relating  to 
the  supply  of  electricity,  the  consent  of  the  Minister  of  Transport  is  necessary 
before  Authorised  Undertakers  may  place  any  electric  line  above  ground,  except 
within  premises  in  the  sole  occupation  or  control  of  the  Undertakers,  and  except 
so  much  of  any  service  line  as  is  necessarily  so  placed  for  the  purpose  of  supply. 
In  cases  where  the  Local  Authority  are  not  themselves  the  Undertakers,  the 
further  consent  of  such  authority  was  formerly  necessary  under  the  provisions  of 
§  14  of  the  Electric  Lighting  Act,  1882,  and  §  10  of  the  Schedule  to  the  Electric 
Lighting  (Clauses)  Act,  1899,  or  corresponding  provision  in  any  Special  Act  or 
Order.  The  position,  however,  has  been  modified  by  §  21  of  the  Electricity 
(Supply)  Act,  1919,  and  where  the  consent  of  the  Minister  is  obtained  to  tbe 
placing  of  any  electric  line  above  ground  in  any  case,  the  consent  of  the  Local 
Authority  is  not  required ;  but  the  Minister  before  giving  consent  is  required  to 
afford  the  Local  Authority  an  opportunity  of  being  heard.  It  also  falls  to  the 
Minister  of  Transport  to  give  consents  in  connection  with  wayleaves  for  electric 
lines  whether  above  or  below  ground  under  the  provisions  of  §  22  of  the  Act  of 
1919. 

As  previously  indicated,  overhead  lines,  whether  erected  by  Authorised 
Undertakers  or  without  statutory  authority,  are  subject  to  Regulations  prescribed 


*  This  phenomenon  and  the  reason  for  it  are  discussed  in  Gen.  El.  Rev. 
Vol.  25,  p.  146,  and  Electricity ,  Vol.  36,  p.  588.  * 
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by  the  Electricity  Commissioners  for  securing  the  safety  of  the  public  and  for  the 
protection  of  the  lines  and  works  of  the  Postmaster-General  (§  324). 

323-  Steel,  Wooden,  and  Concrete  Poles. — Steel  Poles. — 
For  transmission  lines,  built-up  steel  lattice  poles  are  the  most 
satisfactory  on  all  counts.  For  comparatively  unimportant  or  light 
lines,  however,  tubular  tramway  poles  are  often  used,  and  serve 
their  purpose.  These  latter  are  generally  used  in  towns,  where 
lattice  poles  would  take  up  too  much  room.  Tubular  ‘  Hamilton  ’ 
telegraph  poles  have  also  been  extensively  used,  hut  in  the  gauges 
of  metal  generally  employed  for  telegraph  purposes  they  are  not 
satisfactory ;  a  much  higher  factor  of  safety  is  required  in  power 
lines  than  will  suffice  for  telegraphs. 

On  one  important;  point  engineers  and  buyers  can  ensure  their  steel  poles 
having  the  longest  possible  life,  namely,  by  excluding  high-tensile  steel,  of  which 
poles  are  sometimes  made.  Most  chemists  will  agree  that  high-tensile  steels 
tend  to  corrode  more  quickly  than  either  wrought-iron  or  mild  steel ;  and  this  is 
probably  due  to  the  higher  percentage  of  manganese  and  carbon  present  in  high- 
tensile  steel.  Mild  steel  with  a  tensile  strength  not  exceeding  24-28  tons  per 
sq.  in.  will  give  the  best  results  in  the  direction  of  the  minimum  tendency  to 
corrode.  Engineers  would  do  well  to  -specify  the  steel  of  which  their  poles  are 
made  to  fall  within  this  figure  (E.  J.  Pox,  Jour.  T.E.E. ,  Vol.  52,  p.  320). 

Woodenn  Poles,  used  ou  several  important  transmission  schemes 
in  India,  have  proved  uniformly  unsatisfactory ;  possibly  with 
proper  treatment  better  results  would  have  been  obtained,  at  any 
rate  at  high  altitudes,  where  there .  are  no  white  ants.  In  this 
country  they  are  used  to  a  considerable  extent  A  compound 
pole  of  A-form,  huilfc  up  from  two  single  poles  and  spread  about 
1  in  8,  is  roughly  4>-  times  as  strong  as  a  single  pole.  Where 
more  room  is  required  the  H-form  is  used,  with  cross-bracing  to 
give  stability.  At  angles,  H-poles  or  ‘three-legged  structures 
should  always  be  used  with  stays  (§  326)  in  both  alignments 
rather  than  a  single  stay  in  the  resultant.  Concrete  foundations 
may  be  necessary  in  bad  ground,  and  if  a  concrete  sheathing  be 
carried  up  the  pole  above  ground  level,  rotting  at  the  latter  is 
prevented. 

Notes  on  preservative  processes  for  timber  are  given  in  §  86. 
Statistics  from  a  variety  of  sources  show  that  creosoting  under 
pressure  gives  the  longest  life  to  timber,  viz .  20-25  years  for 
poles  in  temperate  climates.  The  life  of  poles  treated  with  copper 
sulphate,  zinc  chloride,  or  mercury  chloride  is  given  as  12-15 
years.  The  life  of  wooden  poles  as  hitherto  used  in  India  has 
vol.  i.  4:49  29 
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been  5  or  6  years.  Untreated  poles  last  10  or  12  years  in  England, 
and  by  proper  creosoting  a  life  of  30  years  or  more,  up  to  50  years, 
is  attainable. 

Concrete  Poles—  Reinforced  concrete  poles  have  been  used  in 
a  number  of  cases  (particularly  in  America) ,  as  being  stronger  and 
more  durable  than  wood,  whilst  eliminating  the  constant  super¬ 
vision  and  repainting  required  by  steel.  Concrete  poles  are  heavy, 
which  is  a  serious  matter  where  transport  is  difficult ;  their  use 
is  principally  in  low-  and  medium-pressure  distribution  schemes. 
In  some  cases  a  portable  pole-making  plant  and  local  aggregates 
may  be  used  with  advantage.  Tubular  construction  saves  weight 
with  little  loss  of  strength,  and  provides  a  convenient  duct  for 
cables.  A  25-ft.  pole  tapering  from  16  ins.  to  7  ins.  with  2£-in. 
walls  and  twelve  ^-in.  steel  reinforcing  rods,  weighs  about  2  500 
lbs.,  and  if  set  6  ft.  in  the  ground  will  withstand  safely  a  pull  of 
1  000  lbs.  applied  at  the  top. 

324.  Poles  and  Wires;  Requirements  of  Rules. — The  first 
requirement  of  an  overhead  line  is  that  it  shall  be  set  out  properly 
before  erection  begins.  The  position  of  every  pole  should  be  de¬ 
termined  ;  it  should  be  ascertained  that  the  wires  in  a  span  will  not 
come  too  near  the  ground,  especially  in  the  case  of  tortuous  distri¬ 
bution  lines  in  hilly  country;  the  angles  should  be  noted;  the 
nature  of  the  ground  where  poles  and  stays  must  go  should  be  in¬ 
vestigated  ;  the  height  and  strength  of  special  poles  should  be  taken 
out. 

In  previous  editions  of  this  work  the  Board  of  Trade  Regulations  for  overhead 
lines  were  referred  to.  The  Board  has  now  made  way  for  the  Electricity  Com- 
missioners  and  the  Regulations  are  under  revision.  In  theory  the  Regulations 
prescribed  by  the  Commissioners,  under  the  power  conferred  by  the  existing 
‘Regulations  for  securing  the  safety  of  the  public,’  are  specially  made  for  each 
undertaking,  and  become  a  part  of  the  Special  Order ;  in  fact  the  new  Regulations, 
like  the  old  ones,  will  doubtless  be  practically  standard  in  form.  Although  the 
code  is  not  (at  the  time  of  going  to  press)  in  force  the  following  summary  may  be 
taken  as  substantially  correct  both  for  pressures  (a)  not  exceeding  650  V,  D.C.,  and 
325  V,  A.C.,  and  (6)  exceeding  those  values. 

Line  conductors  will  he  of  copper  or  aluminium  ordinarily,  though  steel  or 
other  conductors  for  specially  long  spans  would  no  doubt  be  allowed.  As  regards 
breaking  load,  elongation,  and  elasticity  the  conductors  at  the  time  of  erection  will 
have  to  comply  with  the  latest  specification  of  the  British  Engineering  Standards 
Association.  Minimum  values  are  as  follows  (see  opposite  page). 

In  calculating  the  factor  of  safety  the  actual  breaking  load  is  taken.  It  is 
assumed  that  the  wires  are  covered  with  ice  to  a  radial  thickness  of  J  in.  (for  the 
higher  pressures  J  in.)  and  are  simultaneously  subjected  to  a  wind  of  50  m.p.h 
or  8  lbs.  per  sq.  ft.  of  the  projected  area.  Under  these  conditions  and  allowing  for 
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Medium-Voltage  and  High-Volt¬ 
age  Overhead  Power  Lines. 


Johnson  &  Phillips,  Ltd. 


Current  is  supplied  through. 
8  300  V  overhead  feeders  and  de¬ 
livered,  through  pole-type  trans¬ 
formers,  to  the  430  V  overhead 
distributors.  The  copper  conduc¬ 
tors,  ranging  from  37  /  13  to  7  /  14 
S.W.G.  are  carried  by  cantilever 
channel  cross-arms,  and  are  all 
single-circuit  lines  with  a  7  /  14 
S.W.Ct.  earth  wire  below.  The 
triangular  spacing  of  the  conductors 
is  2  ft.  6  ins.  The  creosoted  wooden 
poles  are  A,  H  and  single-type,  34 
ft.  long  overall,  from  7  in.  to  8J  in. 
diameter  at  5  ft.  from  the  butt,  and 
at  average  spans  of  50  yds. 


A  double -circuit,  3-phase,  11 000 
V  line  running  from  a  terminal  p>ole 
to  which  current  is  conveyed  by  two 
11  000  V  underground  cables;  the 
cable  cores  are  connected  to  the 
lines  in  the  inverted  pole-type  tri¬ 
furcating  boxes.  The  conductors 
are  of  1  S.W.G.  copper  spaced 
4  ft.  4  ins.  horizontally  on  the  top 
and  bottom  cross  arms  and  5  ft. 
4  ins.  on  the  centre  arm ;  below 
them  is  a  7  j  14  S.W.G.  galvanised 
steel  earth  wire.  The  vertical  spacing 
between  conductors  is  1  ft.  6  ins. 
The  poles  are  30  ft.  long,  94  ins.  dia. 
(at  5  ft.  from  butt) ;  the  span  is 
SO  yds.  and  the  minimum  clearance 
from  ground  at  maximum  summer 
sag  is  20  ft. 
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A  33  OOO  V  Transmission  Line  on  ‘  Kay  ’  Poles. 

This  type  of  pole  is  particularly  suitable  for  cross-country  transmission.  It  is 
preferably  made  of  high- tensile  steel  tubes  which  may  be  painted  or,  better,  wrapped 
with  hessian  impregnated  with  a  bitumen  compound.  The  foundations  consist  of 
buckled  plates  to  which  the  tubes  are  bolted,  and  the  connection  between  the  four 
base  tubes  and  the  upright  is  made  by  a  cast-iron  block  with  five  projections  which 
slip  into  the  appropriate  tubes  and  require  no  bolt  or  other  fastening.  The  ties  are 
of  galvanised  steel  rope.  The  foundation  plate  carries  only  the  difference  between  the 
thrust  of  the  tube  and  the  pull  of  the  wire,  hence  these  poles  can  be  used  on  marshy 
ground.  They  are  easily  transported  and  easily  erected,  and  passage  between  the 
legs  is  not  obstructed  by  bracing. 
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Material. 

Elongation  in 

Breaking  Load 

Young’s  Modulus  of  Elasticity. 

10  ins.  0/o. 

Tons  per  Sq.  In. 

Lbs.  per  Sq.  In. 

Copper  . 

1 

27 

18  x  10s 

Aluminium 

4 

11 

10  x  10s 

the  elasticity,  the  stress  in  the  conductor  at  22°  F.  (5*5°  C.)  must  not  exceed  half 
the  breaking  load. 

For  the  lower  group  of  pressures  no  conductor  may  be  used  having  a  break¬ 
ing  load  less  than  650  lbs.,  equivalent  to  a  copper  wire  weighing  200  lbs.  per  mile  or 
an  aluminium  wire  weighing  147  lbs.  per  mile. 

The  minimum  computed  height  from  the  ground  of  any  line  conductor,  at  a 
temperature  of  122°  F.  (50°  C.),  is  fixed  at  20  ft.  as  in  the  old  rules.  The  con¬ 
ductors  must  not  be  accessible  without  a  ladder  or  the  like.  In  the  case  of  the 
higher  pressures,  approved  means  for  rendering  a  falling  wire  dead  must  be  pro¬ 
vided;  and  at  all  pressures  above  250  V,  D.C.  or  125  Y,  A.C.  approved  means 
must  be  provided  to  prevent  ‘  danger  ’  from  a  falling  wire.  The  conditions  are 
somewhat  more  stringent  along  or  across  public  roads  or  canals,  or  upon  factory 
or  other  premises.  Any  auxiliary  and  earth  wires  or  service  lines  are  generally  sub¬ 
ject  to  similar  restrictions.  Lines  crossing  or  near  other  overhead  lines  must  be 
specially  protected  against  accidental  contacts,  at  the  expense  of  the  last  comer. 

Poles  or  supports  (§  323)  of  creosoted  wood,  iron,  steel  or  reinforced  concrete 
are  permissible ;  for  the  higher  pressures  the  supports  must  be  consecutively 
numbered  and  must  carry  a  ‘  danger  ’  notice.  The  factors  of  safety  allowed  are 
2£  for  iron  or  steel  and  3J  for  wood  or  concrete  under  the  same  conditions  as  to 
ice  and  wind  pressure  as  for  wires.  For  lattice  and  other  compound  poles,  such 
as  A  and  H  poles,  special  conditions  of  calculation  are  laid  down.  In  the  case  of 
the  higher  pressures  a  continuous  earth  wire  must  be  provided,  connecting  up  all 
metal  not  alive,*  and  earthed  at  least  four  times  in  every  mile ;  and  the  design  must 
be  such  that  the  leakage  on  a  contact  occurring  with  live  metal  shall  be  at  least 
double  that  required  to  operate  the  safety  devices  for  rendering  the  line  dead.* 

Regular  inspection  and  efficient  maintenance  is,  as  heretofore,  insisted  upon. 

All  materials  used  must,  at  the  time  of  erection,  conform  with  the  latest 
specifications  of  the  B.E.S.A.  and  with  the  Post  Office  Technical  Instructions 
(No.  XIII.)  for  the  construction  of  aerial  lines,  as  far  as  applicable. 

No  limiting  span  is  laid  down  ;  it  is  clear  that  if  the  restrictions  are  complied 
with  the  distance  between  supports  is  immaterial.  In  certain  cases  the  Regula¬ 
tions  may  be  modified  with  the  consent  of  the  Electricity  Commissioners.  There 
are  no  detailed  instructions  (as  found  in  the  B.O.T.  Regulations)  for  guarding 
against  corrosion ;  but  it  must  be  guarded  against  both  statutorily  and  as  a  matter 
of  common  sense. 

In  practice,  it  is  seldom  advisable  to  use  conductors  smaller  than 
No.  5  or  No.  6  S.W.G.  Long  spans  are  generally  preferable  in 
transmission  lines,  except  where  crossing  streets  or  other  places 
where  the  public  have  a  right  of  way ;  there  the  span  should  be  as 

*The  terms  ‘danger,’  ‘alive,’  and  ‘dead’  in  their  electrical  sense  are  de- 
fined  in  the  Regulations. 
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short  as  possible.  It  is  good  practice  to  duplicate  each  wire  on 
transmission  lines  crossing  roads ;  the  two  wires  are  then  bound 
together,  and  the  chance  of  breakage  is  reduced  to  a  minimum. 
Earthing  metal  towers  or  other  accessible  supports  is  not  always  an 
easy  matter  in  dry  districts.  A  continuous  earth  wire  (§  347)  is 
useful  for  the  purpose.  Cases  have  occurred  where  poles  have 
been  made  4  alive  ’  by  leakage  and  have  caused  serious  accidents 
to  men  and  horses.  During  erection  and  repair,  line  wires  should 
always  be  earthed.  Neglect  of  this  precaution  has  been  responsible 
for  cases  of  shock  to  linesmen  from  electrostatic  charges  on  the  line. 

The  Regulations  require  a  liberal  factor  of  safety  (see  above) 
in  transmission  conductors,  and  assume  that  a  wind  pressure  of 
8  lbs.  (as  against  the  B.O.T.  25  lbs.)  per  sq.  ft.  will  be  operative. 
Actually,  such  a  pressure  is  rarely  experienced  at  an/  distance  from 
the  coast,  but  provision  must  be  made  for  abnormal  conditions. 
The  United  States  and  Canadian  recommendations  allow  a  maxi¬ 
mum  stress  of  30  000  lbs.  per  sq.  in.  for  copper  (14  000  lbs.  for 
aluminium)  at  0°  F.  with  a  j-in.  coating  of  ice  and  a  wind  pressure 
of  8  lbs.  per  sq.  ft.  projected  area  of  conductor.  In  the  Himalayas 
a  stranded  7  /  10  S.W.G.  cable  has  been  observed  when  enlarged 
to  4  ins.  diameter  over  a  whole  span. 

Table  48,  abstracted  from  Nystrom’s,  shows  the  relation  between 
wind  velocity  and  pressure. 

The  relation  between  the  velocity,  V  ft.  per  sec.,  and  the  pres¬ 
sure,  P  lbs.  per  sq.  ft.,  is  given  by  P  =  O'  002  20  V2.  If  x  be  the 
angle  of  incidence  of  the  direction  of  the  wind  with  the  plane  of 
the  surface,  the  effective  value  of  P  is  O’  002  29  V 2  sin  x . 

There  are  various  ways  of  ensuring  that  a  broken  line  wire  is 
earthed  before  it  reaches  the  ground.  Where  there  is  an  earthed 
‘ neutral ’  (as  in  3-wiie  D.C.  or  3-phase,  4-wire  AC.  circuits)  it 
.  may  be  split  into  two  conductors  carried  below  the  other  wires  and 
cross -connected.  A  falling  live  wire  must  then  strike  the  neutral 
and  open  the  circuit-breaker.  Alternative  methods  are  to  fix  earth¬ 
ing  brackets  on,  or  immediately  below,  the  wires  at  each  end  of 
each  span ;  or  to  suspend  a  loop  under  the  outers  from  the  neutral 
at  the  top.  Protection  is  just  as  necessary  on  overhead  service 
lines;  a  man  has  been  killed  by  touching  the  broken  end  of  a 
service  line  attached  to  a  house  and  apparently  ‘dead/  but  actually 
c  alive  through  a  fan  in  the  house,  the  fan  being  still  connected 
to  the  unbroken  service  line. 
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Table  48. — Velocity  and  Force  of  Wind. 


Mis.  per 
Hour. 

Ft.  per 
Second. 

Force  in  Lbs. 
per  Sq.  Ft. 

Common  Appellation. 

1 

1*47 

0*005 

Hardly  perceptible. 

2 

2  93 

0*  020 

Just  perceptible. 

4 

5*87 

0*079 

Gentle  pleasant  wind. 

8 

16 

11*75 

23*45 

0*315\ 

1*25  / 

Pleasant  brisk  gale.  , 

20 

25 

29-34 

36-67 

1*97  \ 

3-07  J 

Very  brisk.  - 

30 

44-01 

4*42  7 

/  /• 

35 

51*34 

6  03  1 

High  wind,  if 

40 

58-68 

7-87  J 

L  ■ 

45 

66*01 

9*96 

.7 

ij  ... 

50 

73*35 

12*30  A 

Very  high.  f! 

i! 

55 

80*7 

14*90  J 

60 

65 

88*02 

95*4 

17*71  ) 

20*85  / 

A. 

Storm.  A 

70 

102-5 

24*10 

Great  storm.  V 

75 

80 

110*0 

117-36 

27-70  \ 

31*49  J 

Hurricane.  V. 

100 

140-66 

50 

Tornado. 

•■vr- 
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The  safest  arrangement  where  different  sets  of  overhead  lines  have 
to  cross  (leaving  trolley  wires  out  of  consideration)  is  to  make  the 
crossing  at  a  support  and  at  right  angles.  Guard  brackets,  earthed 
on  the  pole,  can  then  be  thrown  out  between  the  two  sets.  Even 
where  all  the  lines  belong  to  the  same  person,  the  not  uncommon 
practice  of  running  high  and  low-tension  lines  on  the  same  supports 
should  not  be  encouraged.  Though  it  is  obviously  bad  engineer¬ 
ing,  service  lines  or  tappings  are  sometimes  taken  off  aerial  lines 
otherwise  than  at  a  point  of  support;  this  is  prohibited. 

325.  Strength  of  Poles. — First  consider  the  effect  of  wind 
pressure  on  the  whole  structure,  on  the  basis  of  the  old  Board  of 
Trade  requirements.  The  general  procedure  illustrated  by  the  ex¬ 
amples  in  this  and  the  succeeding  paragraphs  is  the  same  whatever 
the  regulations  in  the  locality  concerned ;  it  is  only  necessary  to 
substitute  the  appropriate  loads,  factors  of  safety,  etc. 

Wind  pressure  on  wires  =  0*6  x  (d  / 12)  x  L  x  n  x  25  » 
l'25dLn  lbs.,  where  d  =  diameter  of  wire  in  inches;  L  =*  length 
of  span  in  feet ;  and  n  =*  number  of  wires.  Denoting  by  H  the 
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average  height  of  wires  above  ground  in  feet,  the  moment  (W)  of 
wind  pressure  on  the  wires  is  given  by  W  =  1*25  dLnH  lb. -ft., 
and  is  generally  assumed  to  be  operative  on  the  pole  1  ft.  above 
ground  level. 

.The  wind  pressure  on  pole  =  0’6  x  (Mean  diam.  / 12)  x  Ex¬ 
posed  height  x  25  =  1*25  x  Mean  diam.  in  inches  x  Height  in 
feet.  The  moment  of  this  pressure,  again  assumed  to  be  operative 
1  ft.  above  ground  level,  is:  P  =  [1*25  x  Mean  diam.  (ins.)  x 
Height  (ft)]  x  Height/ 2  =  0*625  x  Mean  diam.  (ins.)  x  Height.2 
Then,  allowing  a  factor  of  safety  of  10  for  wooden  poles  or  6  for 
steel  poles,  the  poles  must  have  a  breaking  stress  not  less  than 
10 (W  +  P)  or  6(  W  +  P)  respectively.  The  new  Regulations  will 
greatly  reduce  the  actual  strength  required. 

In  the  3-phase  transmission  line  worked  out  in  §  302,  there  are  three  No.  3 
S.W.G.  wires,  of  0*  372  in.  diameter.  Assume  that  the  ground  permits  spans  of  500 
fc.,  and  that  metal  poles  of  6  ins.  average  diameter  are  set  with  30  ft.  out  of 
ground.  Suppose  also  that  a  fourth  No.  3  S.W.G.  wire  is  used  as  continuous 
‘  earth- wire’  (§  347).  Then  wind  pressure  on  wires  =  1*25  x  0'  372  x  500  x  4  = 
930  lbs.,  and  if  the  average  height  of  the  wires  be  28  ft.  the  moment  of  wind  pres¬ 
sure  =s  930  x  28  ss  26  000  lbs.-ft.  =  W.  The  wind  pressure  on  pole  =  1*25  x  6 
x  30  =  225  lbs.,  and  the  moment  of  this  pressure  =  225  x  30  /  2  =  3  380  lbs.-ft. 
=  P.  The  total  bending  moment  to  which  the  pole  is  subjected  by  wind  pressure 
of  25  lbs.  per  sq.  ft.  =  W  +  P  =  26  000  +  3  380  =  29  380  lbs.-ft.,  hence  the  pole 
(unless  stayed  all  round)  ought  to  have  a  breaking  stress  not  less  than  6  x  29  380 
or  say  176  000  lbs.-ft.,  which  is  equivalent  to  6  300  lbs.  applied  28  ft.  above  ground 
level.  Obviously  no  single  pole  of  the  assumed  dimensions  would  give  the  requisite 
strength,  hence  a  lattice  or  built-up  structure  would  be  necessary.  (It  may  be 
noted  that  the  Hamilton  poles  used  for  telegraph  work  have  the  following  break¬ 
ing  loads,  viz.  ABC,  1  250  lbs.-ft.;  CDE,  3  600  lbs.-ft.  For  steel  tramway  poles 
see  Chapter  35.) 

326.  Stays  and  Stay  Wires. — Galvanised  steel  stranded  wire 
is  used  for  stays,  and  a  breaking  stress  of  about  30  tons  per  sq.  in. 
may  be  assumed;  but  for  special  work  it  can  be  produced  up  to 
100  tons  per  sq.  in.  Stays  may  be  needed  either  to  strengthen  the 
line  at  angles  or  terminal  points,  or  to  bring  up  construction  on 
straight  lengths  to  the  required  strength  where  the  poles  are  not 
strong  enough.  They  also  serve  to  prevent  the  wires  blowing 
together  in  a  wind  They  should  be  fixed  to  the  post,  if  possible, 
above  the  line  wires  or  at  the  resultant  point  between  them,  not 
below.  It  is  evidently  better  at  an  angle  to  fix  a  stay  in  each 
alignment,  rather  than  one  only,  in  the  resultant  direction.  Again, 
stays  should  be  carried  well  away  from  the  pole,  for  a  stay  at  right 
angles  would  be  in  the  best  possible  position.  Finally,  the  stay 
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wire  must  run  straight  to  the  anchor,  with  no  angle  at  ground 
level ;  it  is  best  to  undercut  the  hole  for  the  anchor  and  to  cut  a 
slot  in  the  ground  for  the  stay  wire.  Where  a  wash-out  is  liable 
to  occur  in  heavy  rain  four  stays  are  sometimes  advisable,  two 
across  and  two  along  the  line,  to  limit  the  trouble  in  case  of  a  break¬ 
age  of  the  line. 

Taking  first  the  case  of  a  terminal  stay,  assume  as  in  the  previous  paragraph 
that  a  line  of  three  No.  3/0  wires  (breaking  strain  6  100  lbs.)  is  terminated  on  a 
pole,  and  that  the  stay  is  to  carry  the  load.  If  the  wires  have  been  erected  to 
have  a  factor  of  safety  of  5,  the  tension  which  three  such  wires  will  exert  on  a 
terminal  post  will  be  3  x  6  100  /  5  =  8  660  lbs.  The  tension  to  be  taken  by  the 
stay  would  then  be  (3  660  /  sin  0),  where  0  is  the  angle  which  the  stay  makes  with 
the  post.  Thus,  if  fixed  at  right  angles,  in  continuation  of  the  line  wire,  the 
tension  is  evidently  3  660  lbs. ;  at  45°  it  is  5  180  lbs. ;  at  30°,  7  320  lbs.  If  the 
factor  of  safety  of  the  stay  is  5,  it  should  have  a  breaking  load  of  25  900  lbs.  for 
45°  and  36  600  lbs.  for  30°.  Iron  stay  wire  may  be  taken  as  having  a  breaking 
load  in  lbs.  of  about  3J  times  its  weight  per  mile,  so  that  the  stranded  wire  used 
should  be  equal  to  7  800  lbs.  and  11  000  lbs.  per  mile  in  the  two  cases.  For  steel, 
one-third  or  less  of  these  weights  per  mile  would  be  sufficient,  according  to  the 
material  used.  In  this  and  the  following  instances  the  roughest  calculation 
suffices ;  there  is  no  necessity  to  ascertain  the  exact  angles  dealt  with.  The  follow¬ 
ing  values  of  the  sine  will  be  accurate  enough  : — 

Angle  90°  75°  60°  45°  374°  30°  221°  15°  10°  5° 

Value  of  sine  1  *96  *87  *71  *61  *5  *38  ‘26  *17  *08 

In  the  case  of  an  angle  stay,  the  resultant  load,  B,  caused  by  the  wires  ( i.e .  the 
line  wires)  on  the  post  is  :  B  =  2T  sin  (0/2),  where  T  is  the  tension  of  the  wires 
and  0  is  the  supplement  of  the  angle  contained  by  the  line  wires.  Thus,  suppose 
the  three  No.  3/0  wires  all  make  a  horizontal  angle  of  120°,  where  the  line  changes 
its  direction  at  a  certain  angle  pole,  then  0  is  60°.  The  tension  of  the  three  wires 
is,  as  before,  3  660  lbs.,  so  R  =  2  x  3  660  x  sin  (60  /  2).  As  sin  30°  =  0*5  the 
resultant  load  at  this  angle  is  the  working  load  on  the  wires  or  3  660  lbs.,  so  a 
single  resultant  stay  will  be  of  the  same  size  as  the  terminal  stay  already  worked 
out  above. 

For  other  angles  in  the  line  the  weight  per  mile  of  the  terminal  stay  as 
previously  determined  should  be  multiplied  by  the  following  factors : — 


Angle  of  Wires 
at  Angle  Post. 

Supplement. 

Multiplier  for 
Stay  Wire. 

90° 

90° 

1-4 

120° 

60° 

1*0 

140° 

40° 

0*68 

1503 

30° 

0*52 

160° 

20° 

0'35 

w 

-q 

O 

0 

10° 

0*17 

These  factors  are  of  course  equally  applicable  to  any  other  line  for  which  a 
terminal  stay  has  been  calculated.  If  a  stay  can  be  fixed  in  each  alignment,  in¬ 
stead  of  one  in  the  resultant,  each  component  may  be  of  half  the  size  of  the  single 
stay.  The  straining  screws  should  not  be  weaker  than  the  stay  wires  attached  to 
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them.  As  the  stay  is  connected  to  the  ‘earthed’  pole  it  is  sometimes  advisable, 
especially  in  the  hills,  to  insulate  the  accessible  part  of  it  by  means  of  a  tramway 
*  strain  insulator.  ’  The  pole  may  of  course  accidentally  become  ‘  alive  through 
a  fault  on  the  line  and  a  bad  earth,  but  accidental  contact  with  a  live  stay  wire  is 
much  more  probable. 

327.  Dip  and  Stress  of  Wires ;  Spacing.— As  regards  the 
wires,  the  old  B.O.T.  rules  assumed  that  the  dip  would  be  such 
that  the  wire  was  subject  to  £  breaking  stress  under  the  worst 
conditions.  This  is  in  fact  seldom  the  case,  but  the  elasticity  of 
the  wire  and  the  ‘  give  ’  on  the  posts  may  counterbalance  abnormal 
conditions  to  a  considerable  extent.  Where  snow  is  experienced 
the  overall  diameter  of  a  wire  may  be  increased  up  to  3  or  even 
4  ins. ;  but  in  many  cases,  as  in  Indian  hill  stations,  a  high  wind 
does  not  accompany  the  conditions  for  ‘  binding  ’  snow.  In  such 
cases,  if  the  wire  is  strained  so  that  it  will  be  subject  to  -}  break¬ 
ing  stress  at  the  probable  minimum  temperature,  snow  may  be 
disregarded ;  and  where  snow  never  falls  a  somewhat  lower  factor, 
or  smaller  dip,  may  be  allowed. 

Thus,  to  continue  the  example  of  3-phase  transmission  from  the  preceding 
paragraph,  the  breaking  stress  of  a  No.  3/0  S.W.G.  hard-drawn  wire  may  be 
taken  as  6  100  lbs.,  and  to  allow  a  factor  of  safety  of  5  we  must  take  a  working 
stress,  S,  of  1  220  lbs.  (see  col.  6  of  Table  44,  §  307)  at  the  minimum  temperature 
expected.  The  span  L  being  500  ft.  and  the  weight,  w ,  of  1  ft.  of  wire  being  0*42 
lb.,  the  dip  or  sag  D  is  given  by:  D  —  L2  x  w  /  Q  x  S  =  500  x  500  x  0’42  /  8  x 
1  220  =  10*8  ft. 

Suppose  the  minimum  temperature  to  have  been  taken  as  22°  F.,  and  that  a 
maximum  temperature  of  100°  F.  occurs.  Then  the  new  dip  will  be  */[D2  4-  L'1 
( T  x  f kj],  where  T  is  the  rise  of  temperature  and  k  is  the  coefficient  of  expansion. 
For  copper  k  —  0*  000  009  6  per  1°  F.  Hence  dip  at  maximum  temperature  = 
v/[(10‘82  +  5002)(78  x  f  x  0-000  009  6)]  =  ^(116-5  +  70*5)  =  13*7  ft.  If  the 
lowest  wire  were  placed  27  ft.  above  ground  at  the  pole,  the  height  in  centre  of 
span  would  then  be  only  about  13J  ft.,  so  that,  unless  the  ground  dipped  down,  a 
longer  pole  would  be  necessary. 

The  distance  of  the  wires  apart,  or  spacing,  is  regulated  by  two 
main  factors :  (i)  the  pressure,  (ii)  the  dip ;  the  latter  depends  on 
the  weight  of  conductor  and  the  span,  as  explained  above,  and  the 
length  of  span  is  in  turn  dependent  on  the  nature  of  the  country. 
It  is  purely  a  commercial  question  whether  high  towers  and  long 
spans  are  preferable  to  short  posts  and  spans.  It  has  been  shown 
in  §  302  that  the  power  lost  in  the  line  by  reactance  is  proportional 
to  the  distance  apart  of  the  wires,  and  in  long  lines  this  must  not 
be  lost  sight  of.  Short  spans  at  low  pressure  should  have  the 
wires  at  least  1  ft.  6  ins.  apart,  and  the  distance  must  be  increased 
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"tile  pressure  and  the  dip.  Up  to  10  000  V,  with  short  spans, 
€>  ins.  is  sufficient.  In  long  spans  the  wires  should  be  ar- 
^edL  so  that  no  two  are  in  the  same  horizontal  plane,  because 
liability  to  blow  together  in  a  *wind.  For  pressures 
20  000  V,  the  minimum  distance  in  inches  should  he 
O*  001  25  x  volts.  A  useful  dip  and  stress  table  will  he 
td  ixi  Glovers  Vade  Mecum.  A  case  has  been  cited  in 
>rzoa,  where  a  heavy  short-circuit,  and  the  consequent  repulsion 
ho  the  excessive  current,  caused  a  pair  of  wires  to  separate 
great  tension,  and  to  fly  together  when  the  circuit- breaker 

1. 

■fc  may  be  necessary  to  increase  the  spacing  of  wires  to  avoid 
aa  discharge,  but  it  is  more  effective  to  increase  the  diameter 
lo  wires  (§  316). 

;^8.  Temperature  Rise  of  Overhead  Conductors. — The 

z>ex-a/ture  rise  (which  affects  the  sag,  §  327)  of  a  solid  copper 
.no tor  in  still  air  is  given  approximately  by — 

t  =19  -8pPJ  (d*  x  106); 

re  t  =  temperature  rise,  in  °C. ;  p  =  specific  resistance  of 
-drawn  copper,  in  microhms  per  cm.  cube  (§  62),  at  tempera- 
(fi  £a)°C. ;  ta  =  air  temperature,  in  °C. ;  1  =  current,  in 
;  d  =  diameter  of  conductor,  in  inches  (Table  44,  §  307). 
1  £  is  known  the  appropriate  value  of  p  cannot  be  determined, 
o  it  is  necessary  to  assume  a  limiting  temperature  (t  -f-  ta\ 
JLa/fce  t  from  the  formula,  and  repeat  the  calculation  with  a 
rorxt  assumed  limiting  temperature  if  the  difference  between 
atter  and  the  temperature  rise  is  not  approximately  equal  to 
L.ofctxal  air  temperature. 

!\h.o  inverted  formula  I  =  x/( td 3  x  106/19’8 p)  can  be  used 
±ly  to  determine  the  current  corresponding  to  a  specified 
►oxrature  rise  above  stated  atmospheric  temperature.  For 
conductors  the  diameter  of  the  solid  wire  of  equal  copper 
xix  should  be  taken  for  d  in  the  above  formulas ;  the  current 
ba.'fced  temperature  rise  will  be  about  8  %  greater  than  thus 
mined  from  the  formula. 

a  steel-cored  and  aluminium  cables  the  temperature  rise  is 
blx3.11  in  copper  conductors  of  equal  resistance  because  the 
■fcixxgr  surface  is  greater. 

□l  practice  the  size  of  conductors  used  in  an  overhead  line  is 
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generally  determined  by  considerations  of  power  or  voltage  drop 
and  not  by  temperature  rise. 

329.  Long  Spans  in  Transmission  Line. — Where  practic¬ 
able  long  spans,  supported  on  built-up  towers,  are  preferable  to 
short  ones  on  ordinary  poles,  for  high-pressure  transmission  lines ; 
for  every  support  is  a  potential  source  of  trouble  and  every  insu¬ 
lator  of  leakage.  Where  the  ground  is  level  the  dip  renders  it 
necessary  to  have  very  tall  masts,  but  in  hilly  country  it  is  often 
possible  to  use  Nature’s  supports  and  to  run  from  spur  to  spur; 
in  such  cases  the  amount  of  the  dip  is  hardly  limited.  If  the 
wires  in  an  exceptionally  long  span  are  run  vertically  one  below 
the  other  there  is  no  danger  of  them  blowing  together  and  short- 
circuiting  the  line. 

Por  example,  consider  a  span  of  2  000  ft;.  consisting  of  three  No.  3/0  S.W.G. 
wires.  In  calculating  a  500-ft.  span  in  §  327  the  effect  of  wind  pressure  in  increas¬ 
ing  the  stress  was  neglected ;  this  must  now  be  taken  into  account,  so  in  the 
formula  D  =  L'1  x  w  /  8  x  S  (§  327)  the  factor  10  will  now  be  JCW1*  +  P2),  where 
W  is  the  weight  of  the  wire  in  lbs.  per  ft.,  and  P  =  (0*05  x  Wind  pressure  in  lbs* 
per  sq.  ft.  x  Diam.  of  wire  in  ins.).  Then  the  equivalent  w  =  0‘4-22  -1-  (0*05  x 

25  x  0*  375)2]  =  J(0"  176  +  0*  216)  =  0-  626  lb.  per  ft.  The  dip,  with  a  factor  of 
safety  of  5  at  minimum  temperature  and  25  lbs.  wind  pressure,  will  then  bo 
(2  000  x  2  000  x  0*  626)  /  (8  x  1  220)  =  256  ft. ;  or,  with  a  factor  of  safety  of  4, 
206  ft. ;  and  with  a  factor  of  safety  of  only  3,  the  dip  would  still  be  155  ft. 

Obviously  such  spans  on  level  ground  would  involve  impractic¬ 
ably  tall  supports,  except  in  such  cases  as  a  river  crossing,  where 
the  alternative  would  be  an  under-water  cable  (§  292)  ;  instances, 
however,  may  be  seen  at  Buffalo  and  elsewhere  in  the  U.S.A.,  the 
tension  on  the  wires  being  regulated  by  a  pulley  and  weight 
inside  the  steel  pole  structure.  In  crossing  a  valley,  on  the  other 
hand,  these  dips  would  he  no  obstacle,  and  the  extra  height  gained 
under  the  wires  by  lowering  the  factor  of  safety  would  offer  no 
advantage.  The  extra  dip  at  the  maximum  temperature  will  not 
seriously  affect  the  problem  in  the  case  of  long  spans — see  formula 
in  §  327.  If  on  such  a  span  silicon  bronze  wire  of  the  same  size, 
with  a  breaking  stress  of  110  000  lbs.  per  sq.  in.,  were  used 
instead  of  copper,  the  dip  would  be  reduced  to  about  jhalf  the 
figure  given  above ;  and  in  the  case  of  only  a  few  isolated  spans, 
the  extra  loss  of  pressure  could  be  ignored  (see  Table  49,  in  §  331). 

330.  Insulators. — Porcelain  insulators  are  used  for  the  most 
part,  though  glazed  stoneware  and  glass  are  also  extensively  used 
in  some  countries.  For  low-tension  work  the  insulators  differ 
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Aluminium  Conductors  on  Wood 
Polks. 

A  6  000  V,  3-phase,  double-circuit 
transmission  line  on  A  type  poles.  For 
equal  conductance  the  aluminium  is  20 
to  25  0/o  cheaper  than  copper.  The 
diameter  of  the  conductors  is  28  %  greater 
and  the  strength  18  °/0  *ess  than  with 
copper,  but  this  is  of  little  importance  on 
spans  up  to  200  ft.  Little  difference  is 
involved  in  the  height  or  strength  of  poles 
required. 


Steel-Cored  Aluminium  Conductors  on  Steel  Towers:. 

A  154  000  V,  3-phase,  single-circuit  transmission  line 
with  1  100  ft.  span.  The  aluminium  wires  are  stranded 
round  a  core  of  steel  wires,  providing  a  cable  which  is  stronger, 
lighter,  and  cheaper  than  copper  cable  of  equal  conductance. 
This  makes  possible  long  spans,  reduces  the  number  of  towers 
and  insulators,  and  thus  increases  the  security  of  the  line.  The 
long  spans  permissible  are  particularly  useful  where  a  river  or 
marshy  ground  has  to  be  crossed. 


.Typical  ‘Kalanite’  Insulators  for  Power  Transmission  Lines. 
(lit/  Callender's  Cable  cO  Construction.  Cm,  Lid.) 

Flash-oyer  Test. 


Wet 

Dry 

(A)  Low  tension  insulator 

20  000  V 

40  000  V 

(B)  6  COO  V  straight  line  insulator 

40  000  V 

G5  COO  V 

(C)  6  GOO  V  end  strain  insulator  . 

40  000  V 

65  000  V 

(D)  33  000  V  straight  line  insulator 

85  000  V 

120  000  V 

(E)  33  000  V  suspension  insulator  . 

85  000  V 

120  000  V 

(P)  66  000  V  straight  line  insulator 

145  000  V 

200  000  V 

The  lower  i^etticoat  of  the  insulator  shown  at  (P)  covers  the  cross  arm  and  so 
reduces  the  liability  to  short-circuiting  by  birds. 
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little  from  those  used  on  telegraph  lines,  with  double  or  triple 
petticoat,  except  that  for  large  wires  the  mechanical  strength  must 
be  greater.  For  high-tension  circuits  up  to  50  000  V,  or  even 
70  000  V,  insulators  of  the  same  general  type  (i.e.  pin  supported) 
are  used,  but  these  are  very  much  larger  in  order  to  secure 
mechanical  strength  sufficient  to  carry  heavy  lines  and  in  order  to 
increase  the  leakage  path  and  the  flash-over  distance  from  the 
wire  to  the  spindle  and  earth.  For  yet  higher  pressures,  and  up 
to  250  kY,  suspension  type  insulators  are  used ;  these  generally 
resemble  inverted  saucers  or  truncated  cones,  the  under-surface 
being  often  corrugated,  i.e.  made  with  ‘  petticoats.’  Such  insu¬ 
lators  are  used  mechanically  and  electrically  in  series  to  suspend 
the  line  from  the  cross-arm  of  the  pole.  The  connection  between 
successive  insulators  may  be  in  the  form  of  a  pin  cemented  into  the 
upper  insulator  which  engages  with  a  metal  cap  attached  to  the 
top  of  the  insulator  below  (‘cap’  insulators);,  or  the  porcelain 
pieces  may  he  formed  with  two  tunnels  ab  right  angles  through 
which  pass  stranded  steel  wire  links  providing  the  mechanical 
coupling  between  adjacent  insulators  (Hewlett  insulators). 

A  number  of  typical  insulators  are  illustrated  opposite; 
these  are  made  of  ‘  Kalanite,’  a  proprietary  hot-moulding  (§75) 
insulating  material  which  is  much  tougher  than  porcelain  and 
consequently  not  subj  ect  to  malicious  damage  by  stone-throwing, 
etc.  The  dielectric  strength  of  Kalanite  is  said  to  be  equal  to 
that  of  porcelain,  hut  its  resistance  to  the  passage  of  A.C.  is  about 
28  °J0  that  of  porcelain.  The  leakage  current  through  a  Kalanite 
insulator  is  about  three  and  a  half  times  as  great  as  that  through  a 
porcelain  insulator,  but  the  actual  amount  of  energy  so  dissipated  is 
negligible  in  both  cases  at  normal  transmission  frequency.  The 
energy  dissipated  by  the  Kalanite,  however,  increases  directly  with 
frequency  and,  whereas  vitreous  insulators  offer  high  resistance  to 
the  passage  of  high-frequency  current,  it  is  claimed  that  Kalanite 
permits  lightning,  switching,  or  other  high-frequency  surges  to 
go  safely  to  earth. 

The  characteristics  and  requirements  of  porcelain  as  an  insulator 
are  discussed  in  §  74, 11(c),  and  the  testing  of  insulators  is  mentioned 
in  Chapter  40.  The  design  and  manufacture  of  insulators  for  extra 
high  pressures  are  highly  specialised  problems  in  which  great  ad¬ 
vances  have  been  made  during  recent  years.  It  is  now  recognised 
that  the  main  problem  of  design  is  not  to  provide  a  leakage  path  of 
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maximum  length  on  the  surface  of  the  insulator,  hut  to  shape  ami 
arrange  the  parts  of  the  insulator,  ho  that  it  and  tie*  surrounding 
air  art)  subjected  to  as  low,  and  as  nearly  uniform,  jH>t»*ntial  stress 
as  possible.  A  mechanical  dilliculiy,  when 5  there  are  fomented 
joints  between  steel  and  porcelain,  is  to  obtain  secure  fixing  without 
risk  of  cracking  hy  expansion  or  contraction  stresses  (the  copjlirirntH 
of  expansion  of  .stand  and  cement  are  higher  than  that  of  porcelain). 

(J.  K.  Khlcr  (Jour.  Vol.  p.  SOI)  jvmmmrn<i ■*  that  |nu  f>j«*  m:mhi» 

torH  nhould  bo  mumrufi  to  their  pins  by  hemp  Uvim*  packing,  without  any  »  *  , 

the  pin  rihould  have  a  rough-cut  thread  to  grip  the  twite*,  and  The  1  CO  1  idmuld 
boot  Huch  Hizo  that  only  one  layer  is  mpmed;  aJ  »«*,  the  iwinn  ’dumb!  h*t  Mjmu 
looBoiy  enough  to  lwul  well  into  this  (.liread*,  and  a  bdt  wad  aiouild  hr  in  »crt«-  I  at 
tho  bottom  ot  Uto  hole. 

A  Htriug  of  Hewlett  insulatora  miiHiatri  ♦  ao’ntiaily  %A  a  chain  «d  Cn-i  hub 
insulalotl  from  each  other  by  spacing  pioconof  pMrcckiin  ;  the  uircMun*  aS  >4r«  ng;  h 
of  tho  HUKpousion  is  unaffected  by  breakag  e  «<!  porcelain,  and  ih^re  O  lillJe 
ri»k  of  the  metal  links  being  melted  by  arcing. 

Tho  uno  of  cement  in  cap'type  Him{Hm-»ion  urnilamr  »  nui  o*  avoided  by  «<■  yaw¬ 
ing  tho  pin  into  a  Hpoeially  nhapotl  nut  which  is  held  m?»id**  the  i  malar  »r  by  a 
piece  of  porcelain  of  upherieal  form  ;  the  latter  t;«  inserted  m  the  cavity  tadoru  the 
inHuIator  itt  baked  and  eamiot  Nubnequeutly  be  withdrawn  pr*  »Vc.  dPcr. ,  Ip  :dfl, 

um). 

The  best  modern  piu-tyj>e  insulators  for  high  pressure  lines 
arc  designed  with  full  recognition  of  the  itnj>ort&nce  of  securing 
uniformity  in  the  electrostatic  field,  and  these  insulators  are 
characterised  by  the  alienee  of  the  very  wide  . spread  hood  which 
ormeda  feature  of  older  designs.  The  same  principle  is  taken  into 
orxsi deration  in  the  design  of  suspension  insulators  Where  they 
re  applicable  pin-type  insulators  have  the  advantage  that  a  shorter 
pole  or  tower  can  1st  used  than  with  sunjiemdun  iusuhitors  for  the 
same  clearance  above  ground. 

At  the  pressures  for  which  suHjHUision  insulators  are  used,  and 
particularly  alw>ve  UH)  kV,  the  uniformity  or  otherwise  of  the 
division  of  }>otontittl  between  the  units  of  a  string  of  insulators  is 
an  imjKU’tant  factor.  Kven  if  only  two  insulators  l*e  used  in  series 
the  I \ I),  across  the  one  nearer  the  line  is  greater  than  that  across 
tho  other,  and,  as  the  number  of  insulators  in  series  is  itirreiisfsl 
the  departure  from  uniform  division  of  jioientml  I *ecomes  m«»re 
marked. 

With  more  than  five  iinmlaton*  in  nenea  then:  o  Ml  Hum  '7  of  th»  u.ud 
voltage  tirrt>m  the  insulator  nearest  the  line,  and  if  the.  b*  a  higher  !\U,  than  on** 
insulator  can  carry  safuly  ( an  it  may  well  be  in  the  »  s .♦*  of  high  pjr»s%»*tsr»i 

limw)  wo  roach  a  limit  beyond  which  it  in  impo^tblw  m  imuha*!  Urn  Urn 
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addition  of  another  insulator  to  the  chain  does  not  appreciably  reduce 
coss  the  line-end  unit.  Fortunately,  this  difficulty  can  be  overcome, 
x  of  potential  between  the  units  of  the  string  is  determined  by  the 
gnitude  of  the  capacity  of  the  insulator  itself  and  its  capacity  to  earth, 
ig  the  capacity  of  the  line-end  insulator,  the  P.  D.  across  the  latter  can 
In  this  respect  cap-type  insulators  are  preferable  to  Hewlett  insulators 
fclaeir  greater  capacity  (say  30  fijiF  compared  with  15  ypP.)  In  some 
xp  is  extended  by  metallising  the  adjoining  surface  of  the  porcelain 
xoop-spray  or  similar  process),  thus  further  increasing  the  capacity  of 
or;  the  objection  to  this  is  that  the  end  insulators  are  not  standard, 
ore,  involve  extra  cost  and  the  risk  of  being  used  in  the  wrong  position, 
cap  insulators  in  series  with  Hewlett  insulators  offers  another  means  of 
the  capacity,  and,  therefore,  the  potential  of  the  insulation  as  a  whole, 
increasing  the  capacity  of  the  end  insulators  the  division  of  potential 
[nalised  by  reducing  the  capacity  of  the  links  with  regard  to  earth, 
be  done  by  using  oil-soaked  hardwood  or  other  insulating  material 
rxetal  links  provided  that  sufficient  mechanical  strength  can  be  obtained. 

tierica  a  number  of  extra  high  pressure  lines  (up  to  220  kV 
phases)  are  insulated  by  strings  of  standard  suspension 
3,  electrostatic  flux  shields  being  provided  at  each  end  of 
r.  These  consist  of  large  metal  rings,  one  earthed  and  one 
i  to  the  line,  placed  concentric  with  the  string  of  insulators, 
ing  as  electrodes  between  which  is  established  a  uniform 
ttic  field.  The  stress  across  the  individual  insulators  is 
L  by  this  means,  and  any  flash-over  or  arcing  occurs  be- 
xe  guard  rings,  well  away  from  the  insulators, 
dash-over  voltage  in  fog  or  mist  generally  determines  the 
of  suspension  insulators  needed  in  a  chain  ;  the  flash-over 
xf  the  chain  being  satisfactory  there  is  generally  no  risk  of 
own  by  puncture. 

xe  case  of  some  three-parfe  insulators  mentioned  by  W.  T.  Taylor 
Z7.J57.,  Vol.  46,  p.  538),  the  flash-over  voltages  fora  single  insulator  and 
,  5,  and  6  in  series  were,  respectively  :  Dry  Test — 90,  160,  220,  274,  310, 
"V.  Standard  Precipitation  Wet  Test — 56,  90,  130,  175,  220,  and  265  kV. 
Lxlators  of  this  type  in  series  are  considered  ample  for  a  60  000  V  line, 
Lsulators  for  a  104  000  Y  line. 

.lators  should  have  the  same  mechanical  factor  of  safety  as 
3S  which  they  support  ( i.e .  5  according  to  the  old  B.O.T. 
Then  the  breaking  load  of  a  terminal  insulator  is  the  same 
of  the  wire  with  which  it  is  used.  Thus  a  No.  3/0  wire 
tking  load  6  100  lbs.  and  working  load  1  220  lbs. ;  for  a 
1  insulator  to  carry  this  load,  with  a  factor  of  safety  of  5, 
7c  ing  load  should  be  not  less  than  6  100  lbs. 
sre  the  wire  is  not  terminated,  but  makes  an  angle  or  change 
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of  direction  at  tho  insulator,  sin  (8  J  2)  muni  nut,  be  greater  than 
(It  I  2T).  In  tho  present  case  It,  the  permissible  load  un  flu*  in¬ 
sulator,  with  tho  required  factor  of  safety,  is  1  220  lbs.  ;  T  the 
working  load  on  tho  wire,  is  the  same ;  so  H  J  27’  ■■■•■*  0  u.  There 
fore,  when  the  wire  makes  an  angle  of  12(>’\  the  supplement  8  being 
f>0“,  sin  (8  J  2)  =3  ()*o.  As  in  the  ease  of  stays  (§  82b),  this  angle 
is  equivalent  to  a  terminal  point.  At.  any  more  seven*  and**  a 
stronger  insulator  is  required;  thus  at.  00',  where  0  is  also  fM)  , 
sin  ( 0  /  2)  is  0*71  and  is  greater  than  (  It  f  2  T  >,  whereas  at  any 
loss  angle  than  G(P  the  insulator  has  a  higher  farter  of  safety  than 
5.  Where  a  large  solid  copper  wire  makes  a  considerable  angle,  m 
at  a  corner  pole,  it  is  advisable  to  break  up  the  angle  by  using  t  wo 
insulators;  otherwise  there  is  considerable  danger  of  breakage 
occurring. 

331.  Conductors  other  than  Copper.  The  use  of  aluminium 
as  a  material  for  overhead  conductors  has  been  nemo  m**d  in 
§§  (>3,  308.  The  diameter  of  an  aluminium  wire  is  2S  greater 
than  that  of  a  copper  wire  of  equal  conductivity,  ho  the  wind 
pressure  and  weight  of  snow  are  increased.  According  b*  tie* 
British  Aluminium  (Jo.,  the  coefficient  of  linear  e\p;uc4*m  is 
0*  000  013  i\  per  1  '  K„  so  the  dip  increases  more  rapidly  than  with 
copper  (§327),  and  the  spacing  between  wires  must  l»»  greater. 
For  long  spans  the,  difference  in  deflection  between  aluminium  and 
copper  wires  may  he  so  groat  as  to  require  a  higher  pole  or  tower 
when  the  former  metal  is  used.  As  greater  care  is  necessary  for 
stringing  aluminium  than  copper  wire,  and  also  for  its  general 
andling,  it  costs  more  to  erect.  Mechanical  connector*  are  often 
sod  in  place  of  soldered  joints. 

Cadmium-copper  wires*  offer  the  advantage  of  high  tensile 
strength  with  relatively  high  conductivity. 

For  very  long  spans  bronze  and  even  steel  (  §  30ft)  wires  are 
often  used.  Particulars  of  the  materials  mentioned  are  given  in 
Table  40. 

As  mentioned  in  §§  (54,  3(H)  iron  conductor*  may  U*  used 
economically  for  the  transmission  of  relatively  small  amounts  of 
power  at  high  voltage,  as  in  rural  electricity  supply,  A  typical 
American  installation  uses  No.  KH.W.O.  galvanised  iron  wires  for 
the  transmission  of  f)f>  kVA  at,  22  (K)()  V,  3-phase  (2|  A  jmr  phase) 

*  Srr.  a  hut  ‘  Coppar-Cfidmium  Wm  for  KMrteal  TfanHinUmm/  !»>*  W.  C, 
Smith,  FI.  IVnrld,  VoL  7U,  p.  22.'j. 
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Table  49. — Constants  of  Aluminium ,  Cadmium-Copper , 
Bronze,  and  Steel  Conductors  {see  also  §§  307-309). 


Conduc¬ 
tivity  ; 
Copper 
=  100. 

Breaking 
Stress. 
Lbs.  per 
Sq.  In. 

Weight  of 
Equivalent 
Conductor ; 
Copper  = 
100. 

Coefficient 
of  Expansion 
per  1°  F. 

Percent¬ 
age  In¬ 
crease  in 
Resist¬ 
ance  per 
1°  F. 

Copper,  hard  drawn  . 

100 

56  000 

100 

0  *  000  009  6 

0*238 

Cadmium-copper  (0*7  °/0  Cd) 

93-5 

73  000 

107 

_ 

(l-l0/0Cd) 

90 

100  000 

111 

_ 

_ 

Silicon  bronze  (1) 

97 

63  000 

103 

„  „  (2) 

80 

76  000 

125 

-  »  »  (3)  •  . 

45  j 

110  000 

222 

Vo*  000  01 

0*1 

Phosphor  bronze 

26 

101  000 

384 

J 

High  carbon  steel 

11 

125  000 

910 

-0*  000  006 

0*2 

Aluminium  .... 

61 

30  000 

48 

0*  000  011 

0*217 

for  a  distance  of  31  mis. ;  the  power  loss  in  the  line  is  about  9  %. 
The  charging  current  of  lines  of  these  physical  dimensions  (whether 
of  iron  or  copper)  is  a  serious  factor,  and  it  is  advantageous  to  secure 
induction  motor  loads  along  the  line,  as  well  as  at  the  end,  if  possible 
(§  158).  Line  loss  is  a  minimum  when  the  current  at  the  load  end 
has  a  lagging  component  about  equal  to  half  the  charging  current 
{El.  World ,  Yol.  70,  pp.  715,  1  252). 

332.  Cost  of  Overhead  Lines. — It  is  impracticable  to  give 
much  guidance  as  to  the  cost  of  transmission  lines,  underground  or 
overhead  For  underground  cables  a  quotation  should  be  obtained 
from  the  makers,  and  the  cost  of  trenching  and  laying  added.  In 
the  case  of  overhead  lines  the  price  of  bare  copper  wire  fluctuates 
between  about  £60  and  £85  per  ton  in  normal  times.  Ordinary 

Table  50. — Cost  of  Overhead  Lines  {Pre-War  Basis). 


Size  of  Wire. 

S.W.G.  (or  Equivalent). 

System. 

Approximate  Total 
Cost  per  Ml.  Run 
of  Line  Erected. 

£. 

7/0 . 

f  2-wire 

620  to  730 

\  3-phase 

810  to  1  020 

3/0 . 

f  2-wire 

440  to  550 

\  3-phase 

590  to  730 

1/0 . 

f  2-wire 

330  to  405 

\  3-phase 

440  to  550 

/  2-wire 

205  to  260 

5 . 

\  3-phase 

295  to  405 
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light  metal  poles  cost  from  £3  to  £12  or  more,  and  built-up  towers 
for  long  spans  may  cost  ten  times  as  much.  As  a  rough  guide 
some  figures  for  a  few  sizes  of  wire  may  be  given,  based  on  copper 
at  £75  a  ton,  and  lines  of  the  strength  required  by  the  rules  (for 
maintenance  see  Chapter  39). 

333.  Economical  Section  of  Conductor ;  Kelvin’s  Law. — 

In  the  majority  of  actual  cases  a  certain  percentage  loss  of  the 
delivered  power  is  assumed  from  experience,  and  the  pressure  of 
transmission  is  settled  according  to  the  length  of  the  line.  Strictly 
speaking,  these  factors  should  be  ascertained  by  the  application  of 
Kelvin’s  Law,*  so  that  the'  annual  cost  of  wasted  energy  in  the 
line  ( C2B  watts)  plus  the  annual  allowance  for  interest  and  de¬ 
preciation  of  the  line  shall  be  a  minimum. 

Thus,  take  the  case  of  D.G.  transmission  calculated  in  §  296.  The  full-load 
current  was  159  A.  The  probable  load  factor  in  any  case  can  be  approximately 
gauged  from  other  working  undertakings  ;  assume  it  to  be  31  °/0,  and  the  average 
current  will  then  be  50  A.  Take  the  resistance  per  mile  of  any  wire  of  about  the 
size  required,  say  0*25  fl  per  ml.  ;  then  for  a  mile  of  line  (lead  and  return)  the 
resistance  is  0‘5  fl.  The  power  lost  in  this  would  (on  the  average)  be 
(502  x  0'5  /  1  000)  or  1-25  kW,  equivalent  to  11  000  kWh  per  annum  per  mile  of 
line.  From  the  rough  estimates  the  probable  output  of  the  station  in  units  and 
the  total  annual  cost  of  the  plant  [interest,  depreciation,  fuel  (if  any),  and  estab¬ 
lishment]  will  be  known,  giving  the  cost  of  each  unit  generated.  In  this  case 
take  the  cost  per  unit  as  0‘66d.,  a  fair  figure  for  water  power  on  the  assumed  con¬ 
ditions.  Then  the  cost  of  the  11  000  units  lost  in  transmission  per  mile  would  be 
£30  5s.  Now  lay  out  a  diagram  (Fig.  54)  with  resistance  (inversely  proportional 
to  cross-sectional  area)  of  copper  horizontally  and  cost  vertically,  and  mark  the 
point  where  £30  5s.  and  0-25  fl  per  ml.  meet.  Draw  a  straight  line  through  this 
from  the  origin.  Next  take  any  three  sizes  of  wire  somewhere  near  the  mark  and 
find  the  approximate  cost  of  a  mile  run,  i.e.  in  this  case  2  mis.  of  wiro.  Taking 
this  at  £75  a  ton,  or  say  8d.  a  lb.,  we  get  the  following  :  — 

7/0  S.W.G-.  Weight  of  2  mis.  =  8  000  lbs.  Cost  =  £266 
5/0  „  „  „  =6  000  „  „  =  £200 

3/0  „  „  „  =  4  400,,  „  sb  £147 

Taking  10  °/0  of  these  costs  for  the  charges  on  the  line,  mark  off  the  points  where 
these  annual  costs  correspond  with  the  ohms  per  mile  of  the  wire  thus  : — 

7/0  S.W.G.  Ohms  per  mile  =  0*22.  Annual  cost  =  £26  12s. 

5  /  0  „  „  „  0-29.  „  „  =  £20 

3/0  „  >»  »»  =  0*39.  ,,  ,,  =  £14  14s. 

*  Lord  Kelvin’s  original  statement  was  :  1  The  economical  cross-sectional  area 
is  that  for  which  the  annual  cost  of  energy  lost  just  equals  the  annual  interest  on 
the  capital  invested.’  Hopkinson’s  modification  (which  is  particularly  applicable 
to  feeders  for  public  electricity  supply)  provides  for  the  ratio,  of  the  gross  annual 
revenue  derived  from  the  conductor  to  the  total  gross  annual  exp^Q^tW1^  Oft  it  and 
on  the  energy  supplied  through  it,  to  be  at  the  maximum. 
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Draw  the  curve  through  these  three  points,  and  where  this  curve  is  intersected  by 
the  straight  line  the  combined  costs  will  be  a  minimum.  The  resistance  per  mile 
corresponding  to  this  point,  viz.  0-22  a  per  ml.,  will  give  the  most  economical 
size  of  wire  to  use. 

In  the  case  of  3-phase  lines,  the  same  data  may  be  more  easily  obtained  and 
plotted  for  a  single  conductor  than  for  the  three  wires. 

In  the  case  of  overhead  lines  results  near  enough  for  practical 
purposes  will  be  obtained  by  considering  the  annual  charges  on  the 
copper  alone,  though  strictly  speaking  the  cost  should  be  increased 
for  large  sizes  owing  to  the  greater  cost  of  the  poles. 

In  the  case  of  insulated  cables  the  total  cost  should  be  used  as 
a  basis  for  the  calculation,  instead  of  the  cost  of  the  copper  alone. 


At  20  kV  working  pressure,  the  commercial  considerations  entailing  the  selec¬ 
tion  of  such  a  voltage  also  determine  to  some  extent  the  size  of  cable  most  com¬ 
mercially  economical  from  the  transmission  and  distribution  point  of  view.  In 
the  case  of  distribution  to  a  number  of  areas  in  various  stages  of  development,  the 
most  economical  section  will  be  0*1  to  0*15  sq.  in.  at  20  kV.  Where  a  large 
amount  of  power  has  to  be  transmitted  from  a  generating  station  to  a  main  dis¬ 
tributing  centre,  and  the  cable  will  be  more  or  less  fully  loaded,  it  may  be  best  to 
use,  say,  a  0*25  sq.  in.  cable,  working  at  33  kV.  The  considerations  then  to  be 
taken  into  account  are :  (a)  the  limit  of  current  density  fixed  by  working  tempera¬ 
ture  and  largely  dependent  on  method  of  laying  and  number  of  cables  in  proximity 
to  one  another ;  (&)  the  broad  aspect  of  the  whole  scheme  in  which  cable  con¬ 
siderations  are  simply  an  item  (0.  J.  Beaver). 

It  is  evident  that  where  water  power  is  in  question  the  generat¬ 
ing  cost  per  unit  will  usually  be  lower  than  with  steam ;  if,  however, 
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the  available  power  is  limited,  and  can  all  be  sold,  every  unit 
lost  in  the  line  is  a  direct  loss  of  revenue  to  the  undertaking  at  the 
actual  rate  of  sale,  and  the  average  selling  price  per  unit  should 
then  be  taken  instead  of  the  prime  cost. 

334.  Cables  v.  Overhead  Lines. — Underground  cables  are 
much  more  expensive  to  install  than  overhead  lines,  but  in 
crowded  cities  the  former  are  preferable  if  the  undertaking  can 
stand  the  cost.  In  this  country,  distribution  circuits  in  towns  are 
cabled  with  few  exceptions  (Chapter  24),  but  overhead  work  is 
often  used  to  begin  with,  and  cable  substituted  later  on  when  the 
demand  can  be  gauged  accurately.  Feeders  or  lines  which  do  not 
require  to  be  tapped  en  route  (except  long  transmission  lines) 
should  as  far  as  possible  be  placed  underground;  distribution 
lines,  on  the  other  hand,  are  more  conveniently  run  overhead,  as 
the  cost  of  service  lines  is  much  less.  This  is  an  important  point 
with  a  new  undertaking ;  where  houses  are  far  apart,  as  in  rural 
districts  and  colonial  cities,  the  number  of  services  per  mile  is 
abnormally  low,  so  the  cost  has  to  be  kept  down  if  any  profit  is  to 
be  made.  For  long-distance  transmission,  aerial  lines  are  uni¬ 
versal. 

Some  idea  of  the  relative  cost  of  underground  and  overhead  transmission 
lines  is  to  be  obtained  from  the  following  figures  (pre-war),  but  these  may  only  be 
taken  as  a  general  guide,  since  conditions  differ  enormously  in  individual  cases, 
and  even  Id.  per  kW  per  mile  means  £12  500  when  the  transmission  of  30  000  kW, 
a  distance  of  100  mis.,  is  in  question.  A.C.  can  hardly  be  transmitted  underground 
at  pressures  exceeding  33  000  V,  owing  to  the  magnitude  of  capacity  currents 
(§§288,311). 


Kilowatts 

Voltage  .... 

200 

6  to  10  kV 

500 

6  to  10  kV 

1  250 

10  to  12  kV 

10  000  to 

15  000 

50  to  100  kV 

Capital 

^Overhead  .  1 

35s.-20s. 

20s. -10s. 

12s.-6s. 

8s.-ls.  6d. 

cost 

t 

per  kW " 

I  Underground 

75s.-50s. 

40s.-25s. 

22s. -15s. 

3s.  6d.-2s. 

per  ml. 

l 

In  comparing  the  costs  of  transmission  by  3-phase  A.O.  ahd  by  the  Thury 
D.O.  series  system  (§  317),  J.  S.  Highfield  gives  various  estimates,  from  which  the 
figures  in  table  on  opposite  page  are  deduced. 

The  assumptions  on  which  these  (pre-war)  figures  are  based  are  : — 
Overhead.— 6  wires  for  A.C.,  4  for  D.C.  Line  100  mis.  long;  P.F.  0*85; 
full-load  pressure  drop,  10  °/0  5  lattice  steel  towers  150  yds.  apart. 

Underground. — Cables  in  stoneware  ducts.  Copper  £62  per  ton  ;  lead  £13  9s. 
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Cost  per  kW  per  ml.  of  line  or  cable  (erected)  for 
transmitting  . . 

(a) 

10  000  kW 

(b) 

30  000  kW 

Overhead —  (1)  60  kV,  3-phase 

s.  d. 

3  4 

s.  d. 

2  0 

(2)  60  kV,  D.C . 

2  8 

1  5 

(3)  100  kV,  3-phase  . 

2  6 

1  1 

(4)  100  kV,  D.C . 

2  2 

0  11 

Underground — (5)  20  kV,  3-phase 

7  6 

5  6 

(6)  50  kV,  D.C . 

3  6 

_ 

(7)  100  kV,  D.C . 

3  0 

1  6 

per  ton.  D.C.  system,  two  wires  equally  insulated ;  sectional  area — case  6  (a),  0*25 
sq.  in. ;  7  (a)  0*125  sq.  in.;  7  (6),  0*35  sq.  in.  A.C.  system — case  5  (a),  two  3-core 
cables  0*175  sq.  in.  area;  case  5  (5),  two  3-core  cables  0*35  sq.  in.  area.  Current 
density  in  cables  850  A  per  sq.  in.  Cost  of  trenching,  laying,  and  two-  or  three- 
way  conduit-cases  5  (a),  6,  and  7,  £834  per  ml.;  case  5  (6),  £1  100  per  ml. 
Further  information  relating  to  the  cost  of  transmission  is  given  §§  332,  333. 

At  pressures  for  which  they  are  applicable  (§  288)  underground 
cables  have  the  advantage  of  not  being  exposed  to  lighting,  and 
of  being  out  of  the  reach  of  most  other  extraneous  causes  of 
break-down.  The  security  of  supply  is  therefore  greater  with 
cables  (where  these  are  applicable)  but  when  a  break-down  does 
occur  it  is  more  difficult  and  costly  to  locate  and  repair  than  is 
the  corresponding  break-down  on  an  overhead  line.  Deterioration 
in  cables  can  generally  be  detected  before  break-down  occurs,  but 
the  nature  of  faults  on  overhead  lines  (breakage,  short-circuit, 
etc.)  is  such  that  the  occurrence  is  sudden.  From  the  point  of 
view  of  public  safety  and  the  safety  of  workmen  cables  have  the 
advantage.  The  inductive  drop  is  much  greater  in  overhead  lines 
than  in  cables  (§  310)  but,  on  the  other  hand,  the  charging  current 
is  generally  much  greater  in  cables  than  in  overhead  lines 
(§§  304,  311). 

335.  Telephones. — In  every  electric  supply  undertaking,  and 
especially  where  there  is  transmission  of  power  over  a  distance, 
telephone  communication  is  necessary  between  the  different  sub¬ 
stations  and  the  power  house.  For  this  service  overhead  lines 
are  almost  invariably  used.  It  is  preferable  to  carry  these  circuits 
on  a  different  alignment  to  the  power  wires,  because  when  there 
is  a  fault  in  the  transmission  service  interference  is  likely  to  re¬ 
sult  between  it  and  the  telephone  circuits,  and  it  is  at  such  times 
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that  clear  speech  is  most  important.  In  any  case  a  double  metallic 
circuit  should  be  used,  and  not  a  single  line  with  an  earth  return. 
The  wires  should  be  systematically  transposed  at  frequent  inter- 
vals,  so  as  to  neutralise  the  effects  of  induction  due  to  variations 
in  the  current  in  the  power  line  and  also  to  the  normal  cyclic 
variation  in  an  alternating  current  line ;  each  3 -phase  power  circuit 
should  also  have  two  points,  approximately  dividing  the  total 
length  evenly,  at  which  the  wires  are  altered  in  position  120°,  so 
as  to  give  one  complete  transposition  in  its  length.  In  long  lines 
several  complete  rotations  or  transpositions  are  allowed.  It  is 
necessary  to  safeguard  the  line  against  accidental  contacts  with 
the  'power  circuit,  whether  due  to  breakage  or  to  trees,  and  also  to 
safeguard  the  operators  against  shocks  from  the  line  becoming 
charged  inductively.  In  some  cases  it  has  been  necessary,  in  order 
to  prevent  theft  of  wire,  deliberately  to  charge  the  line  to  high 
pressure  at  night. 

Although  in  very  long  lines  the  size  of  the  telephone  conductor 
becomes  important,  it  is  not  so  within  the  limits  of  transmission 
of  power.  Copper,  phosphor  bronze,  mangan  bronze,  and  silicon 
bronze  wires  are  mostly  used,  and  a  wire  of  100  lbs.  per  ml.  (say 
Ho.  14  S.W.G.)  is  large  enough  electrically;  a  smaller  size  would 
be  too  liable  to  mechanical  damage.  For  long  spans  copper  wire 
is  unsuitable,  and  these  special  bronzes  have  much  greater  tensile 
strength ;  but  as  the  alloy  and  the  strength  are  increased  the  con¬ 
ductance  is  decreased  in  a  much  greater  proportion  ( see  Table  49, 
§  331).  The  weight  of  a  telephone  wire  may  be  taken  without 
serious  error  from  Table  40,  §  280,  according  to  its  gauge  or 
sectional  area,  whether  it  is  copper  or  bronze.  The  cost  of  mangan 
bronze  was  normally  about  Is  3d.  to  Is  6d.  per  lb.  pre-war,  but 
varies  with  that  of  copper;  phosphor  bronze  and  silicon  bronze 
are  about  20  °/c  dearer. 

A  useful  paper  on  telephone  troubles  in  the  tropics  was  read 
before  the  Institution  of  Electrical  Engineers  by  W.  L  Preece 
{Jour.  I.E.E.,  Vol.  53,  p.  545).  Amongst  other  points  specially 
worthy  of  notice  in  India  are  the  following:  It  is  not  uncommon 
for  insects  to  find  their  way  into  a  subscriber’s  instrument  through 
the  switch-hook ;  this  should  therefore  carry  a  brass  plate  which 
keeps  the  slot  in  which  the  arm  works  entirely  covered.  There 
should  be  no  terminals  above  the  instrument,  but  the  conductors 
should  be  taken  through  holes  into  the  case  and  seale  d  up.  Internal 
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wires  should  he  separated  as  much  as  possible.  Lightning  pro¬ 
tectors  should  be  fixed  where  the  wires  enter  the  building,  and  not 
by  the  instrument ;  otherwise  a  fire  may  easily  result.  For  the 
overhead  line  the  use  of  glass  insulators  of  the  oil-filled  type  is 
suggested  tentatively,  as  a  protection  against  insects.  As  a  pro¬ 
tection  from  lightning  troubles  on  the  line,  causing  break-downs  at 
the  pole  box,  the  use  of  the  vacuum  type  of  protector  is  recom¬ 
mended,  in  which  two  carbon  blocks  are  inserted  in  an  exhausted 
glass  tube,  the  opposite  surfaces  being  serrated  and  fixed  about  -g- 
in.  apart.  A  fuse  in  the  circuit  in  addition  is  always  essential. 
The  use  of  an  additional  earthed  iron  wire,  on  the  top  of  the  poles, 
is  also  recommended  ( see  also  §  347). 

336.  Bibliography  (see  explanatory  note,  §  58). 

Official  Regulations. 

Regulations  prescribed  by  the  Electricity  Commissioners  under  No.  A.  13 
of  the  regulations  for  securing  the  safety  of  the  public,  made  by  the 
Board  of  Trade  under  the  Electric  Lighting  Acts,  1S82  to  1909.  [There 
are  two  sets  of  these  regulations,  for  pressures  not  exceeding  and  ex¬ 
ceeding  medium  pressure  D.C.  and  low  pressure  A.C.] 

Standardisation  Reports,  etc. 

B.E.S.A.  Reports. 

No.  55.  Hard-Drawn  Copper  and  Bronze  Wire. 

No.  65.  Specification  for  Salt-Glazed  Ware  Pipes. 

No.  128.  Bare  Annealed  Copper  Wire  for  Electrical  Machinery  and 
Apparatus. 

No.  134.  Specification  for  Steel  Poles  for  Telegraph  and  Telephone 
Lines. 

No.  137.  Specification  for  Porcelain  Insulators  for  Transmission  Lines. 
No.  139.  Specification  for  Red  Fir  Wood  Poles  for  Telegraph  and 
Telephone  Lines. 

No.  144.  Specification  for  Creosote  for  the  Preservation  of  Timber. 

Books. 

First  Principles  of  the  Electrical  Transmission  of  Energy.  W.  M.  Thorn¬ 
ton  (Pitman). 

Theory  of  Electric  Cables  and  Networks.  A.  Russell  (Constable). 

Electrical  Design  of  Power  Transmission  Lines.  W.  T.  Taylor  and  R.  E. 
Neale  (Chapman  &  Hall). 

Overhead  Transmission  Lines  and  Distributing  Circuits.  F.  Kapper 
(Constable). 

Three-Phase  Transmission.  W.  Brew  (Crosby  Lockwood). 

Constant  Voltage  Transmission.  H.  B.  Dwight  (Wiley). 

Overhead  Electric  Power  Transmission.  A.  Still  (McGraw-Hill). 

Transmission  Line  Construction.  R.  A.  Lundquist  (McGraw-Hill). 

Electrical  Transmission  and  Distribution.  J.  R.  Beard  (Pitman). 

Electric  Power  Systems.  W.  T.  Taylor  (Pitman). 

Central  Station  Electricity  Supply.  A.  Gay  and  C.  H.  Yeaman  (Pitman). 
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Electric  Mains  and  Distributing  Systems.  J.  B.  Dick  and  F.Fernie  (Benn 
Bros.). 

Standard  Polyphase  Apparatus  and  Systems.  M.  Oudin  (Low). 

Papers. 

In  addition  to  the  references  given  in  the  text,  the  following  deserve  special 
mention :  *  British  Practice  in  the  Construction  of  H.T.  Overhead 
Transmission  Lines,’  B.  Welbourn,  Jour.  I.E.E. ,  Yol.  52,  p.  177  ; 
‘Design  of  High-Pressure  Distribution  Systems,’  J.  B.  Beard,  ibid., 
Yol.  54,  p.  125 ;  ‘  The  Distribution  of  Electricity,’  W.  B.  Woodhouse, 
ibid.,  Yol.  59,  p.  85  ;  ‘  Economic  Aspects  of  Extra-High-Tension  Dis¬ 
tribution  by  Underground  Cable,’  B.  0.  Kapp,  ibid.,  Yol.  59,  p.  94  ;  4  An 
Electrical  Beview  of  E.H.P.  Transmission,’  B.  Borlase  Matthews, 
El.  Rev.,  Yol.  89,  pp.  739,  796. 
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imimtk fTiu\  nr  niitrrjTs  and  apparatus. 

:«7-  Conditions  against  which  Protection  is  Required. 

1 1 1*'  mvm  lu.'UM  fund  j» inn  u|  the  m ysf  »*ms  and  «l#«v used  to  protect 
rl.'rtrirjil  circmi*  and  apparatus  juv  ;  f!  ^  Tim  prevention  of 
damag*'  wje *?> “Vrj*  j*o*e4hle,  and  in  other  eases  ill**  restriction  of 
damage,  i-  regards  f\U'nt  and  degree;  (2)  Mu*  maintenance  of 
-npjM  V  and  oj*»r at  ion  in  all  parts  of  f  hr  system  with  the  e\eeptii»n 
,4  flm  ^rrtSM|i  djrrrfly  affected  by  the  fault,  The  principal 
inegukritm*  which  may  eaune  dan  tarn*  to  circuits  or  apparatus, 
an  t  again***  which  protection  \h  therefore  required,  an*:  (a)  K\« 
eurr*-t4,  dim  n*  overload  or  short  circuit  (mr  TIH  .*144) 

ih\  j*i'rs,t*ur*s  dnr  to  switching  surges,  resonance  or 

lightning  i*'*  ii  «ddd  -halt  irj  Failure  of  insulation,  resulting  in 
h-alagr  io  earth  or  between  wires  (hm  §§  852  din 4).  (d)  Low 

vohrtgr  >  or  roinjih  tr  failure  of  supply,  hy  loss  of  voltage  at  the 
generator,  tr;»nsforiu**r,  **),»  ,  feeding  the  circuit,  or  hy  interruption 
of  f  h**  circuit.  nc  |  855  r  if)  Reversal  of  current  or  power  flow 
*  o  *  jJ  35*  i  <  /  )  Fire  risk  (  §  dot*).  The  causes  and  effects  of  these 
irregnk* rifi*  \  and  methods  of  protection,  are  discussed  in  the 
l^iragraphn  slated.  The  need  for  protection  has  risen  with  the 
voir  ages  and  paver*  rone*  «n*ed  in  electricity  supply  systems  and, 
though  the  total  rM*4  of  protective  gear  in  high,  it  in  small  in 
companion  with  the  value  of  t lit?  equipment.  protected  and  with 
the  rum  nf  the  damage  which  might  otherwise  he  occasioned. 

338.  Cause  and  Effect  of  Excessive  Current ;  Short 

Circuit.  -The  pm^r  or  *  load  *  in  any  electrical  circuit  in  measured 
in  waft*  or  kilowatts  (§§  4H-off )  and  is  proportional  to  the  product 
of  pjv'mujv  Ly  current  The  term  ‘  overload  ’  is,  however,  generally 
applied  only  to  e\er.H*dve  current,  partly  because  the  standard 
system  of  transmission  and  distribution  in  the  *  constant  voltage 
system  (Chapter  2th,  and  partly  lierause  an  increase  in  voltage 
doe*  not  increase  tin*  heating  of  conductors  (|  4P)  hut  simply 
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increases  the  stress  upon  the  insulation.  The  value  of  the  current 
flowing  in  any  circuit  is  determined  by  Ohm’s  Law  (§§  17,  44) 
provided  that  allowance  be  made  for  any  back  E.M.F.  in  the  circuit 
(e.g.  that  of  a  motor  or  secondary  cell),  and  that  the  impedance  of 
the  circuit  (instead  of  its  ohmic  resistance)  be  considered  in  the 
case  of  alternating  current.  Thus,  excessive  current  may  result 
from  the  resistance  between  the  supply  mains  being  too  low  as, 
for  example,  when  a  low  resistance  motor  is  switched  straight  on 
to  the  mains,  or  when  an  excessive  number  of  lamps  or  other 
current-consuming  devices  are  connected  in  parallel  between  the 
mains.  If  the  mains  themselves  or  two  parts  of  a  winding,  etc.,  at 
different  potentials  come  into  metallic  contact  or  are  bridged  by  a 
conductor  (such  as  a  spanner)  of  negligible  resistance,  the  current 
becomes  abnormally  high  (§  389)  and  there  is  said  to  be  a  ‘  short 
circuit 5  between  the  points  concerned.  Short  circuit  is  thus  the 
extreme  case  of  excessive  current  or  overloading.  In  circuits 
where  a  back  E.M.F.  is  normally  operative,  the  reduction  of  this 
back  E.M.F.  is  equivalent  to  a  reduction  in  resistance  or  impe¬ 
dance  and  results  in  an  increase  of  current.  Thus,  increasing  the 
mechanical  load  on  a  motor  results  in  a  reduction  of  back  E.M.F. 
(Chapter  28),  hence  the  current  flowing  from  the  mains  increases, 
and  if  the  load  on  the  motor  be  excessive,  the  current  will  also 
become  excessive. 

The  principal  dangers  arising  from  excessive  current  are  (i) 
overheating  of  the  conductors ;  and  (ii)  the  mechanical  forces  to 
which  the  latter  are  subjected. 

Heating  Effect. — The  heat  developed  in  a  current-carrying 
conductor  varies  with  I2B  (§  49)  and  thus  increases  with  the 
square  of  the  current.  The  safe  temperature  limits  for  insulating 
materials  have  been  discussed  in  §  80 ;  the  permissible  currents  in 
insulated  wires  for  stated  temperature  are  tabulated  in  §  280; 
and  the  heating  of  cables  and  overhead  lines  is  discussed  in  §§  291, 
328.  From  these  paragraphs  there  may  be  seen  the  effects  of 
excessive  current  as  regards  temperature  rise  in  ordinary  circuit- 
conductors.  In  coiled  windings  the  heating  produced,  particularly 
at  the  inner  layers,  is  generally  more  serious  owing  to  the  low 
thermal  conductivity  and  relatively  small  sectional  area  of  the 
paths  available  for  the  dissipation  of  heat. 

Mechanical  Effect. — Every  current-carrying  conductor  estab¬ 
lishes  round  itself  a  magnetic  field  (§  32)  which,  reacting  with  the 
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magnetic  field  round  a  neighbouring  current-carrying  conductor 
produces  a  mechanical  force  between  the  two — of  attraction  or 
repulsion,  according  to  the  directions  of  current  flow.  The  left- 
hand  diagram  in  Fig.  55  a,  represents  the  individual  fields  round 
two  parallel  conductors  (viewed  in  cross-section)  which  carry 
current  in  the  same  direction.  It  will  be  seen  that  these  fields 
are  opposed  in  the  space  between  the  conductors  and  cancel  out 
more  or  less  completely.  The  resultant  lines  of  force  are  as  indi¬ 
cated  in  the  right-hand  diagram  (Fig.  55  a),  and  tend  to  draw  the 
conductors  together.  On  the  other  hand,  if  the  currents  in  the 
conductors  are  in  opposite  directions,  as  in  Fig.  55  b,  the  resultant 
field  between  the  conductors  is  more  intense  than  elsewhere,  and 
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Fig.  55. — Attraction  and  repulsion  between  current-carrying. conductors. 


there  is  a  crowding  of  the  magnetic  £  lines  ’  which  tends  to  force 
the  conductors  apart.  The  case  represented  in  Fig.  55  b  may  be 
that  of  the  lead  and  return  of  the  same  circuit,  and  it  will  be  seen 
that  the  force  between  the  conductors  tends  to  open  out  the 
circuit  so  that  it  encloses  maximum  area  ( see  also  §  368). 

The  mechanical  force  of  attraction  (or  repulsion)  between  two 
straight  parallel  conductors  carrying  a  direct  current  of  1  amps, 
is  given  approximately  by:  F  =  O'^P  x  10"7/a;  where  F  = 
force,  in  lbs.  per  in.  run ;  and  a  «  distance  between  centres  of 
conductors,  in  inches.  If  the  conductors  carry  alternating  current 
the  maximum  value  of  the  current,  for  the  same  effective  value  I, 
is  s/i  /(§  30),  hence  the  maximum  value  of  the  force  between 
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the  conductors  is:  Fm(tx,  =  0*9  I2  x  10 ~7 / a  lb.  per  in.  run.  Also 
the  force  oscillates  between  this  maximum  value  and  zero  with 
twice  the  frequency  of  the  A.C.  supply,  and  is  therefore  much 
more  likely  to  produce  mechanical  damage  than  is  the  sustained 
(and  lower)  force  between  two  conductors  carrying  D.C.  of  the 
same  effective  value.  According  to  L.  B.  W.  Jolley  ( Electrn ., 
VoL  85,  p.  677),  the  average  force  between  3-phase  bus  bars 
mounted  in  one  plane  is  given  by:  F  =  0*  338  I2  x  10"'  fa  lb. 
per  in.  run  where  I  —  RM.S.  amps. ;  and  a  —  distance  between 
centres  of  bars,  in  inches. 

Examples  (1)  The  steady  force  between  two  conductors,  3  ins.  apart,  carrying 
2  000  A  direct  current,  is  :  F  —  0*45  I2  x  10- 7  fa  —  0*45  x  (2  000)2  x  10- 7  /  3  = 
0*06  lb.  /  in.  =  about  J-  lb.  per  ft.  run. 

(2)  The  maximum  value  of  the  fluctuating  force  on  two  bus  bars  6  ins.  apart 
carrying  25  000  A  alternating  current  (as  at  the  first  moment  of  a  short  circuit)  is  : 
F  =  0*9  x  (25  000)2  x  10- 7  /  6  =  9*37  lb.  /  in.,  or  112  lb.  /  ft.  run. 

Under  short-circuit  conditions  the  force  between  current-carry¬ 
ing  bus  bars,  generator-connecting  cables,  accumulator-connecting 
strips,  etc.,  may  be  sufficient  to  cause  deformation  of  the  conductors 
and,  possibly,  breakage  of  insulators.  The  initial  value  of  the 
short-circuit  current  is  much  greater  than  that  of  the  steady  or 
sustained  short-circuit  current  ( see  also  §§  339,  370)  and  the  in¬ 
stantaneous  peak  value  of  the  current  depends  upon  the  point 
in  the  E.M.F.  wave  at  which  the  short  circuit  occurs  (§  339). 
This  instantaneous  value  of  the  current  determines  the  maximum 
instantaneous  force  operative  under  short-circuit  conditions ;  the 
formulae  in  the  preceding  paragraphs  apply  only  to  steady  D.C.  or 
AC.  as  the  case  may  be. 

Isolating  switches  (§  362)  may  be  opened  by  the  force  to 
which  the  blade  is  subjected  under  short-circuit  conditions. 
Jolley  ( loc .  cit.)  gives  formulae  for  calculating  the  magnitude  of 
this  force  under  stated  conditions  ;  in  the  case  of  a  switch  12  ins. 
between  contacts  the  torque  tending  to  open  the  switch  when 
carrying  20  000  A  ranges  from  28  lb. -ft.  with  a  blade  1  in.  wide 
to  40 £  lb. -ft.  with  a  blade  \  in.  wide.  The  total  force  distributed 
along  the  blade  of  a  300  A  isolating  switch,  10  ins.  long,  is  about 
100  lbs.  when  the  current  is  20  000  A,  and  600  lbs.  at  50  000  A. 
A  bolt  or  latch  is  generally  provided  to  prevent  the  switch  from 
being  opened  by  these  forces. 

In  all  the  above  cases  it  is  assumed  that  the  conductors  are  not 
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>n ;  if  they  be,  the  magnetic  field  produced  by  given  current 
tly  increased  (§41)  and  the  mechanical  forces  are  corre- 
Lgly  greater.  There  is  no  simple  method  of  determining 
uctance  of  the  path  followed  by  the  leakage  flux  in  such 
>ut  the  experienced  designer  can  estimate  the  probable 
n  the  end  connections  of  generator  windings,  on  transformer 
»c.,  with  sufficient  accuracy  to  enable  adequate  mechanical 
b  to  be  provided.*  The  forces  developed  in  such  cases 
ihort-circuit  conditions  are  of  the  order  of  several  tons,  hence 
Lbstantial  clamps  are  required  to-  prevent  movement  of  the 
gs  which  would  abrade  the  insulation,  or  deformation  which 
break  the  insulation  or  cause  stationary  and  rotating  parts 

ere  D.C.  generators  or  rotary  converters  are  concerned 
bility  to  flashing  over  on  overload  (i.e.  excessive  sparking, 
)ing  into  flashing  between  commutator  bars  and  possibly 
n  brushes)  may  impose  a  lower  limit  upon  the  permissible 
an  do  considerations  of  heating  or  mechanical  stress. 

.  Calculation  of  Short-circuit  Current. — Theoretically  it 
aple  matter  to  calculate  the  current  flowing  in  any  case  of 
ircuit  by  applying  Ohm’s  Law  (§§  17,  44),  but,  in  practice, 
tors  concerned  are  variable  and  more  or  less  indeterminate, 
simple  case  of,  say,  a  'dead  short’  ( i.e .  a  direct  connection 
ppreciable  resistance)  between  the  conductors  of  a  feeder  at 
:  1  ml.  from  a  generator  which  is  connected  directly  to  the 
the  current  flowing  is  limited  only  by  the  impedance  of  the 
tor  and  that  of  the  2  mis.  (lead  and  return)  of  cable.  If 
issure  drop  in  the  generator  and  cable  with  normal  full-load 
b  I  amps,  be :  p  =  ( IZ  /  E)  x  100  °/o,  where  E  =  generator 
3,  and  Z  =  impedance  of  generator  and  cable  in  ohms,  we 
Z  =  pE  1 100  /,  and  if  this  be  the  only  impedance  in  circuit 
eder  short  circuited  at  the  far  end),  the  short-circuit  current 
Z  =  100  I  j  p  or  (100  Ip)  x  full-load  current.  Thus  if  a 
be  ‘  shorted  ’  at  a  point  between  the  generator,  and  which 
is  5  %  pressure  drop  on  full  load,  the  short-circuit  current 
heoretically  be  100  /  5  =  20  times  the  full-load  value, 
are,  however,  several  factors  to  be  considered.  In  the  first 
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place,  the  current  so  calculated  may  be  greater  than  the  short- 
circuit  output  of  the  generator  (Chapter  40)  which  is  naturally  the 
heaviest  current  that  can  flow  even  with  a  short  circuit  at  the 
generator  terminals.  Again,  no  heavier  current  can  persist  than 
corresponds  to  the  maximum  output  of  the  prime  mover  (allowing 
for  losses  in  the  generator),  though  the  stored  energy  of  the  moving 
parts  will  momentarily  increase  the  output  greatly.  So  far,  it  has 
been  assumed  that  the  generator  voltage  is  fully  maintained  on 
short  circuit,  but  this  is  far  from  being  the  case,  even  though  auto¬ 
matic  voltage  regulators  (§  147)  endeavour  to  maintain  constant 
voltage.  Further,  it  has  been  assumed  that  the  reactance  is  known 
and  constant,  but,  actually,  it  is  very  difficult  to  determine  the  exact 
value  of  reactance  in  a  short-circuited  system  because  this  varies 
with  the  position  of  the  fault,  with  the  resistance  of  the  fault 
itself,  and  with  the  saturation  of  all  iron-cored  windings  in  the 
circuit. 

In  the  early  days  of  A.C.  engineering  it  was  common  to  specify 
low  internal  reactance  in  alternators  for  the  sake  of  close  voltage 
regulation  (§  146),  but  it  is  now  usual  to  provide  greater  reactance 
in  order  to  limit  the  short-circuit  current,  dependance  being  placed 
upon  automatic  voltage  regulators  in  order  to  maintain  constant 
voltage  under  normal  variations  of  load.  Even  with  the  higher 
internal  reactance  now  employed,  the  short-circuit  current  may  be 
15  or  20  times  the  normal  full-load  current,  but  it  quickly  falls  to, 
say,  2,  3  or  4  times  full-load  current  owing  to  the  generator  voltage 
being  greatly  reduced  by  the  reaction  of  the  armature  when  carry¬ 
ing  heavy  current.  Under  short-circuit  conditions  the  action  of 
automatic  voltage  regulators  obviously  tends  to  increase  the  short- 
circuit  current ;  to  overcome  this  objection  it  can  be  arranged  that 
the  regulators  automatically  reduce  the  generator  voltage  when  the 
main  current  exceeds  a  predetermined  value. 

It  is  the  maximum  instantaneous  value  of  the  short-circuit 
current  which  determines  the  maximum  mechanical  stress  imposed 
upon  windings,  etc.  (§  338),  and  it  says  much  for  the  construction 
of  modern  turbo-alternators  that  they  will  withstand  dead  short- 
circuit  at  full  field  excitation  without  mechanical  injury.  If  the 
short-circuit  current  wave  is  initially  asymmetrical  (as  it  may  be 
under  the  most  unfavourable  conditions)  its  amplitude  may  be  about 
1  *8  times  that  of  the  initial  short-circuit  current  under  symmetrical 
conditions.  An  approximate  formula  for  the  maximum  instan- 
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taneous  value  of  the  short-circuit  current  per  phase  under  the  most 
unfavourable  (asymmetric)  conditions  is — 

=  1-8  X  E  X  +J2/Z  =  2*55  E  /  Z; 

where  E  =  phase  voltage ;  and  ^  =  impedance  per  phase,  in  ohms. 
The  duration  of  this  severe  current  rush  is  very  brief,  and  after  a 
few  cycles  the  current  settles  to  its  steady  short-circuit  value  of  2-4 
times  full-load  current.  The  actual  value  of  the  initial  surge  is  a 
maximum  if  the  short-circuit  occurs  when  the  E.M.F.  wave  is  at 
its  maximum ;  if  the  short  occurs  at  some  lower  instantaneous 
value  of  E.M.F.,  the  short-circuit  current  increases  with  the  E.M.F. 
and  prevents  the  latter  from  attaining  its  normal  maximum  value. 
The  inductance  of  the  path  followed  by  the  short-circuit  current 
retards  the  increase  of  current  from  the  normal  to  the  short-circuit 
value  and  allows  time  for  the  E.M.F.  to  decrease  somewhat.  The 
thermal  capacity  of  the  conductors  in  the  circuit  allows  them  to 
carry  the  initial  current  rush  without  dangerous  rise  of  tempera¬ 
ture  provided  that  the  circuit  he  interrupted  in  a  fraction  of  a 
second ;  even  this  brief  delay  permits  the  current  to  decrease 
(owing  to  the  reduced  E.M.F.),  and  greatly  reduces  the  duty  im¬ 
posed  upon  the  circuit  breaker  (§  370). 

340.  Limitation  of  Current ;  Protective  Reactances. — The 
short-circuit  current  in  any  circuit  may  be  reduced  by  increasing 
the  reactance  of  the  circuit,  and  this  may  be  accomplished  by  con¬ 
necting  in  series  with  the  latter  an  inductive  coil  of  wire  (generally 
called  a  ‘  reactance  coil  ’).  The  only  loss  of  energy  in  this  coil  is 
the  I2B  loss  (§  49)  due  to  its  ohmic  resistance,  plus  the  losses  in 
its  iron  magnetic  circuit  (if  any).  The  inductance  of  the  coil  re¬ 
duces  the  power  factor  of  the  circuit  (§§  44,  45,  154),  but  does  not 
involve  dissipation  of  energy.  As  explained  in  the  preceding 
paragraph,  if  the  reactance  causes  p  °/Q  voltage  drop  when  carrying 
the  normal  full-load  current  of  the  circuit,  the  short-circuit  current 
through  the  reactance — when  the  latter  is  connected  directly  to 
the  full  supply  voltage — is  (100  /  p)  times  full-load  current.  If 
it  is  desired  to  limit  the  maximum  current  of  an  alternator  to 
5  times  full-load  value,  the  total  reactance  (measured  in  terms  of 
the  percentage  voltage  drop  which  it  produces  with  full-load 
current)  must  bep  =  100  /  5  «=  20  °/Q,  and  if  the  alternator  has 
8  °/0  reactance  (as  above  defined),  the  external  reactance  required 
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Reactances  generally  consist  of  large-section  strip  copper  (or 
insulated  cable)  the  ohmic  resistance  of  which  is  so  low  as  to  cause 
negligible  loss  of  energy.  In  air-core  reactances  the  turns  are 
separated  and  supported  by  porcelain,  bricks,  or  concrete  to  secure 
insulation  and  to  prevent  deformation  by  mechanical  forces  on 
short-  circuit  (§  338).  Iron-clad  reactances  (with  iron  magnetic 
circuits)  are  much  smaller  than  air-core  reactances  for  equal  in¬ 
ductance,  and  they  have  the  further  advantage  of  being  free  from 
stray  fields  (which  may  affect  instruments  or  induce  eddy  currents 
in  steelwork  near  air-core  reactances).  On  the  other  hand,  iron 
magnetic  circuits  become  saturated  at  much  less  than  short-circuit 
current  (unless  the  section  of  iron  is  very  large),  notwithstanding 
the  use  of  air  gaps  in  the  circuit  to  increase  the  reluctance  (§  43); 
as  a  result  the  volt-ampere  characteristic  of  iron-clad  reactances  is 
not  linear  whereas  that  of  an  air-core  reactance  is  linear  at  all 
currents. 

Generator  reactances  of  from  10-20  °/0  (on  the  voltage  drop 
rating  defined  above)  are  commonly  used  in  series  with  alternators 
to  limit  the  magnitude  of  the  short-circuit  current.  Bus-bar  re¬ 
actances,  of  from  25-50  %,  are  connected  between  the  sections  of 
sub-divided  bus  bars  so  that,  in  the  event  of  a  4  short  ’  on  one 
length  of  bus  bar  the  current  which  can  flow  to  the  fault  from  the 
other  sections  is  limited ;  these  reactances  are  traversed  only  by 
current  flowing  from  bar  to  bar  and  not  by  the  current  delivered 
by  one  or  several  generators  to  a  set  of  bars  and  flowing  thence 
to  feeders.  Feeder  reactances ,  connected  in  series  with  individual 
feeders,  are  of  about  5  °/0  (limiting  the  maximum  current  to 
20  times  full-load  current),  this  relatively  low  reactance  being 
adopted  in  order  to  reduce  the  voltage  drop  and  the  lowering  of 
power  factor. 

Reactances  cannot  be  used  to  reduce  the  maximum  current  to 
a  non-injurious  value;  they  simply  reduce  the  peak  value  of  the 
current  thus  reducing  mechanical  stresses  (§  338)  and  the  power 
to  be  interrupted  (§  370).  The  actual  interruption  of  the  circuit 
pending  the  removal  of  the  fault  is  effected  by  fuses  (§  342)  or 
circuit  breakers  (§  343). 

The  reactance  2tt/L  of  a  coil  (§  44)  varies  with  the  product  of 
frequency  by  inductance ;  the  considerable  reactance  required  in 
current-limiting  reactances  involves  high  inductance  L,  the  fre¬ 
quency  /  of  commercial  supply  being  low.  On  the  other  hand, 


General  Electric  Co. ,  Ltd.  [London). 

Protective  .Reactance  Coils  under  Construction. 

.  These  1coi1^  arc.  designed  to  give  5  °/0  reactance  on  a  11  000  V,  1  000  A,  feeder 
circuit.  The  simplicity  and  strength  of  the  construction  are  shown  clearly.  The 
stranded  copper  conductor  is  laid  in  the  grooves  of  the  moulded  concrete  arms,  and 
the  completed  coil  is  practically  indestructible. 


British  Thomson- Houston  Co.,  Ltd. 


Triple-Pole  Instantaneous  Relay. 

This  type  of  relay  can  be  used  for  overload  and  for  leakage  protection.  A  moving- 
contact  carried  on  a  spring-actuated  drum  is  normally  held  *  off  ’  by  a  catch,  which  is 
tripped  by  the  plungers  being  pulled  up  by  the  solenoids  on  a  predetermined  current 
being  exceeded.  The  moving  contact  bridges  fixed  spring  contacts  in  its  1  on  ’  and 
‘off 5  positions  and  may  thus  be  used  to  break  or  make  circuit,  or  for  both  purposes. 
It  can.  be  made  to  control  two  independent  circuits.  Current  adjustment  is  by  raising 
or  lowering  the  plungers,  and  the  movement  of  the  drum  is  independent  of  the  pull 
on  the  plungers.  Delayed  action  can  be  obtained  by  shunting  the  trip  coils  with 
time-limit  fuses. 


[To  face  p.  478. 


Definite  Time-Limit  Belay. 


The  equipment  comprises  three  overload  coils,  and  a  time-element  device,  circuit- 
closing  mechanism,  and  operating  trip  coil.  When  any  one  of  the  overload  coils 
operates,  the  time  element  trip  coil  is  energised,  and  the  circuit  closing  mechanism 
commences  to  overcome  the  retarding  effect  of  the  time  element.  After  a  predetermined 
time  which  is  adjustable  within  wide  limits,  the  secondary  tripping  circuit  is  closed. 
If  required,  one  of  the  overload  coils  can  be  replaced  by  a  sensitive  coil,  and  the  relay 
arranged  to  operate  instantaneously  on  a  small  leakage  fault  whilst  retaining  the  time 
limit  characteristic  for  overloads. 


Everett ,  Edf/cumbe  &  Co. ,  Ltd . 


Triple-Pole  Induction-Type  Overload  Belay  with  Inverse  Time  Lag. 

The  movements  are  similar  to  those  of  the  induction  ammeter  (Plate  p.  114).  The 
current  and  time  settings  are  independently  adjustable— the  current  by  the  position 
of  the  weight  on  the  horizontal  graduated  beam,  and  the  time  by  regulating  the 
travel  of  that  beam  over  a  vertical  scale.  The  contacts  are  of  carbon  and  are  seen 
at  the  bottom  of  the  instrument.  The  time-current  curves  of  all  these  relays  are 
identical  so  that  perfect  discriminative  protection  is  obtained. 

[To  face  p.  479. 
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a  very  small  inductance  has  a  reactance  high  enough  to  obstruct 
the  flow  of  high-frequency  surges  due  to  lightning,  etc.  (§§  45,  346). 

341.  Interruption  of  Excessive  Current. — The  effects  of 
excessive  current  may  be  utilised  to  obtain  protection  by  making 
part  of  the  circuit  more  sensitive  than  the  rest  to  these  effects, 
and  arranging  that  the  effects  open  the  circuit  ( i.e .  interrupt  the 
current)  at  the  selected  point.  Thus  the  heating  effect  of  the 
current  may  melt  a  ‘  fuse  ’  when  the  current  exceeds  a  predeter¬ 
mined  value ;  or  the  electromagnetic  force  developed  by  a  solenoid 
may  operate  a  mechanism  which  opens  a  switch  in  the  circuit, 
either  instantaneously  or  in  accordance  with  a  predetermined  time 
element  (§  344). 

342.  Fusible  Cut-outs  ;  Fuses. — Fusible  cut-outs,  in  which 
a  fine  and  easily  fusible  wire  or  ‘  fuse  5  is  connected  in  series  with 
the  circuit  wires,  are  used  in  all  domestic  branch  circuits  and 
house  services  (Chapter  22).  They  are  also  used  in  industrial 
circuits,  particularly  for  pressures  up  to  600  V  and  for  (normal) 
currents  up  to  600  A ;  the  cost  of  renewing  heavy  current  fuses  is 
a  consideration  and  the  rating  of  fuses  (i.e.  the  current  at  which 
they  melt)  is  less  definite  than  that  of  switch-type  circuit-breakers, 
hence  the  latter  are  generally  employed  in  important  circuits 
where  an  attendant  is  available  to  re-close  the  switch. 

Tin  or  an  alloy  of  low  melting-point  is  generally  used  for 
fuses  up  to,  say,  200  A  normal  current.  The  specific  resistance  of 
such  metals  is  relatively  high,  hence  the  cross-sectional  area  re¬ 
quired  is  much  larger  than  that  of  copper  fuses  of  the  same  rating. 
Copper  fuses,  for  all  but  the  heaviest  currents,  are  inconveniently 
fine;  they  are  easily  damaged  mechanically  and  by  corrosion, 
with  the  result  that  they  melt  at  less  than  the  intended  current. 
Whereas  tin  and  similar  fuses  are  not  corroded  seriously  because 
their  melting-point  is  low,  copper  fuses  may  often  be  at  or  near 
red-heat  for  considerable  periods  with  the  result  that  they  are 
gradually  oxidised. 

The  so-called  ‘  Bimetal  *  fuse  wire  has  important  advantages. 
This  consists  of  a  copper  wire,  which  would  be  fused  at  once  by 
the  current  in  the  circuit  it  is  designed  to  protect,  sheathed  with 
lead ;  the  lead  greatly  increases  the  radiating  surface,  thus  assisting 
in  the  rapid  dissipation  of  the  heat  developed,  and,  having  a  greater 
cross-section  than  the  copper,  also  carries  some  proportion  of  the 
current,  despite  its  low  conductance.  Should  the  current  rise 
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above  normal  the  lead  first  melts  off,  and  the  fine  copper  wire 
(having  to  carry  the  whole  current)  then  necessarily  follows  suit 
and  breaks  the  circuit  instantly.  A  fuse  of  this  nature  can  carry 
some  80  °/o  of  its  fusing  current  without  danger  of  melting, 
whereas  a  copper  fuse,  under  the  like  conditions,  would  be  red- 
hot.  The  smallest  size  of  bimetal  fuse  wire  at  present  available 
carries  about  6  A,  so  that  for  the  smallest  circuits  a  single  strand 
of  very  fine  copper  or  tin  wire  is  generally  used. 

Table  51  shows  the  approximate  fusing  current  of  various 
sizes  of  copper,  tin,  and  lead-tin  (2Pb:lSn)  alloy  wires,  the 
values  given  being  calculated  from  Preece’s  formula :  I  =  a^J d?  ; 
where  I  —  fusing  current,  in  amperes  ;  d  —  diameter  of  wire,  in 
inches ;  and  a  =  10  244  for  copper  ;  1  642  for  tin  ;  and  1  318 
for  the  lead-tin  alloy.  These  figures  are  only  approximations,  as 
the  length  of  the  fuse,  its  direction  (vertical  or  horizontal),  the 
nature  of  the  terminals  holding  it,  the  method  of  carrying  it — 
whether  in  free  air,  on  a  porcelain  bridge,  or  enclosed  in  a  tube  or 
cartridge — all  affect  the  result.  Enclosure  in  a  tube  filled  with 
powder  or  submersion  in  oil  (§  375)  naturally  affect  the  rating  of 
the  fuse  very  materially  by  changing  the  facilities  for  the  removal 
of  heat.  Table  51,  is,  however,  a  useful  guide  to  suitable  dimen¬ 
sions  for  well- ventilated  fuses  in  air ;  if  the  fuse  be  mounted  in  a 
small  asbestos  tube,  it  may  melt  at  half  the  current  stated  in 
the  table.  The  resistance  of  a  fuse  causes  a  loss  of  pressure  of 
from  0T-0*5  V  or  more. 

No  matter  how  carefully  an  installation  is  fitted  with  fuses  at 
first,  there  is  always  a  danger  that  the  occupier,  after  a  fuse  has 
melted  or  'blown/  will  replace  it  by  a  larger  one  in  order  to  save 
trouble.  By  the  use  of  standard  non-interchangeable  cartridge  or 
screw-plug  fuses,  or  by  marking  each  fuse  carrier  with  the  current 
it  is  intended  to  carry  and  putting  spare  fuses  alongside,  something 
can  be  done  to  prevent  this  :  but  it  is  not  unusual  to  find  a  piece 
of  comparatively  heavy  iron  or  copper  wire  inserted  where  tin 
wire  had  been  used  originally.  The  protective  value  of  the  fuse 
is  then  illusory. 

A  certain  amount  of  heat  is  required  to  raise  a  fuse  wire  to  the 
melting-point,  the  amount  being  greater  the  heavier  the  fuse,  the 
higher  its  specific  heat,  and  the  higher  the  melting-point.  The 
rate  at  which  heat  is  developed  in  the  wire  varies  with  P R,  hence 
twice  the  current  will  bring  the  fuse  to  the  melting-point  in 
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uonghlyi  one  wearier  the  luii*^ ;  in  other  words,  fuses  have  mt  iti- 
Urn**  element  1 1  .114),  but  owing  to  tho  uncertainty  regarding 
*ke  eon litioji  of  the  wire  and  its  cooling  facilities,  it  is  not  jHmsi hl#i 
t  *  uHleve  this  time  element  to  the  same  degree  as  with  circuit 

breakers 


In  circuit*  where  the  normal  current  does  not  exceed  10  A  the 
fuv<  *  nhoiihi  interrupt  the  circuit  Iwfore  or  when  the  current  is 
fhre.-  iiti*o4  the  ii ormil  value;  for  working  currents  exceeding 
JO  \  the  fn*t»<s  nhould  blow  at  or  below  twice  the  working 
current  <■*•*•’  *t(m  IKK.  Rules,  Chapter  22).  Fuses  for  high 
voHa^e  rireiiiin  lire  mentioned  in  §  175, 

A  *eriou ..a  object  ion  to  the  use  of  fuses  in  1- phase  circuits  is  the 
fact  that  the  fine  in  l -phase  may  blow  (due  to  its  own  deleriora 
lion  or  to  an  unbalanced  fault  in  the  system)  leaving  the  fuses 
intact  in  tic*  other  two  phases  This  will  leave  the  circuit  alive 
b*  yoiel  the  fuses  ;  also  .'{-phase  apparatus  may  continue  in  opera¬ 
tion  mi  the  two  sound  phases,  the  current  in  which  may  be  high 
enough  to  damage  the  windings,  but  not  high  enough  to  blow  the 
fu^-s.  Automatic  circuit  breakers,  ojmmng  all  phases  uiutub 
Uneoudy,  arc  therefore  to  be  preferred  in  polyphase  circuits, 
von.  «.  4B1  .'U 
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Constructional  details  of  fuses  are  described  in  §  375  ;  and  the 
installation  of  fuses  is  discussed  in  Chapter  22. 

343.  Circuit-breakers. — Any  type  of  switch  which  is  capable 
of  interrupting  safely  (without  sustained  arcing  or  undue  damage 
to  contacts)  the  short-circuit  current  of  a  circuit  may  be  termed  a 
‘  circuit-breaker  ’  (§§  365,  367).  Such  a  switch  is  always  arranged 
so  that  it  can  be  operated  by  hand  (either  directly  or  by  remote 
control,  §  372)  at  the  volition  of  the  attendant,  but  it  is  also 
arranged  so  that  it  can  be  opened  automatically  by  the  action  of 
a  relay  (§  124)  and  trip  coil.  The  switch  is  closed  (by  hand, 
electromagnetically,  or  otherwise)  against  the  action  of  a  powerful 
spring  which  tends  to  open  the  switch  and  is  only  prevented  from 
doing  so  by  a  latch  or  trigger.  This  latch,  when  withdrawn  by 
the  movement  of  the  plunger  or  core  of  a  ‘trip  coil/  allows  the 
switch  to  open  instantaneously.  The  excitation  of  the  trip  coil 
solenoid  may  be  effected  by  the  main  current,  the  coil  then  being 
connected  in  series  with  the  switch,  or  it  may  be  effected  by 
current  drawn  from  a  storage  battery  or  auxiliary  D.C.  bus  bars 
in  a  local  circuit  which  is  closed  by  a  relay.  If  the  circuit- 
breaker  is  fitted  with  a  series-connected  trip  coil  it  can  be  arranged 
that  the  tripping  plunger  is  raised  at  any  desired  value  of  the 
current  thus  providing  the  circuit-breaker  with  automatic  overload 
protection.  Alternatively,  if  the  trip  coil  be  connected  in  shunt, 
across  the  supply  leads,  it  can  be  arranged  that  so  long  as  the 
supply  voltage  exceeds,  say,  50  °/0  °f  the  normal  value  the  latch  of 
the  switch  remains  closed,  but  directly  the  voltage  falls  below  the 
predetermined  minimum  the  latch  is  released  (by  the  action  of 
the  trip  coil)  and  the  switch  is  opened ;  the  switch  has  then 
automatic  protection  against  low  voltage,  or  a  ‘  no- volt  release.’ 

There  would  be  obvious  mechanical  difficulties  in  arranging 
several  trip  coils  (excited  by  different  electrical  connections)  to 
operate  a  single  release  latch,  but  the  same  end  can  easily  be 
attained  electrically,  by  the  use  of  relays.  A  relay  consists 
essentially  of  an  electromagnet  the  armature  of  which,  when 
attracted  to  or  released  by  the  core  of  the  magnet,  closes  an 
auxiliary  electric  circuit.  Just  as  an  electric  bell  can  be  rung  by 
pressing  any  one  of  a  number  of  ‘pushes/  so  can  the  trip  coil 
circuit  of  a  circuit-breaker  be  excited  by  the  action  of  any  one  of 
a  number  of  relays  ( see  Fig.  59).  If  the  respective  relays  be  ar¬ 
ranged  to  operate  on  overload,  low- voltage,  reverse  power,  etc.,  a 
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single  circuit-breaker  protects  the  circuit  against  all  the  con¬ 
tingencies  covered  by  the  relays.  The  relays  are  the  controlling 
elements  of  the  protection,  and  the  protection  which  they  afford 
is  the  automatic  opening  of  the  main  circuit  in  the  event  of  pre¬ 
determined  conditions  arising. 

Circuit-breakers  can  interrupt  much  greater  power  than  fuses 
(§  d71),  and  they  isolate  the  circuit  completely,  the  switches  in 
both  poles  or  all  the  phases  of  the  supply  being  coupled  mechanic¬ 
ally  and  opened  simultaneously.  Whereas  a  fuse  provides  only 
overload  protection,  a  circuit-breaker  and  its  relays  can  afford 
protection  against  all  contingencies.  Also,  the  setting  of  the 
various  relays  can  be  adjusted  easily  and  accurately  over  a  wide 
range. 

The  constructional  features  of  circuit-breakers,  trip  coils,  and 


Fig.  56. — Instantaneous  overload  relay  Fig.  57. — Overload  relay  with  current 
and  trip  coil.  transformer,  and  trip  coil  with  fuse 

time  element. 


tripping  mechanism  are  discussed  in  §§  368,  372.  Various  types 
of  relays  are  described  in  §§  344,  355,  358,  359. 

344.  Overload  Relays;  Time  Element. — The  principle  of 
the  simplest  type  of  overload  relay  is  illustrated  diagrammatically 
in  Fig.  56.  The  relay  coil  B  is  in  series  with  the  circuit  to  be 
protected  and,  when  the  current  therein  exceeds  a  predetermined 
value,  the  plunger  P  is  raised,  short  circuiting  the  contacts  ab  and 
closing  the  local  circuit  containing  a  battery  B  and  trip  coil  T. 
The  coil  T  being  excited,  its  core  trips  the  switch  S  and  opens  the 
main  circuit.  The  coil  B  in  the  main  circuit  could  be  used  as  the 
actual  tripping  coil  and  is  often  so  used  in  low  or  medium  voltage, 
moderate  current  circuits  where  neither  the  size  of  the  conductor 

483 


§  344  ELECTRICAL  ENGINEERING  PRACTICE 

nor  the  insulation  required  makes  it  difficult  to  wind  a  suitable 
coil.  For  heavier  current  and/or  higher  voltage,  the  coil  B  is 
supplied  from  a  current  transformer  ( §  108),  as  in  Fig.  57,  and  the 
advantage  of  having  a  separate  trip  coil  is  that  the  relay  can  be 
delicate  and  sensitive  whilst  considerable  power  can  be  used  to 
operate  the  trip  coil ;  also,  the  latter  can  be  actuated  by  any  one 
of  several  relays  (Fig.  59). 

The  overload  relay  on  D. C.  motor  starteis  operates  on  the 
principle  illustrated  in  Fig.  56,  except  that  the  contacts  a}  b  are 
generally  connected  in  parallel  with  the  ‘  no- volt  or  1  hold-on 
coil  instead  of  to  a  special  tripping  coil ;  then,  when  a ,  b  are  short- 
circuited  by  P,  the  hold-on  coil  loses  its  excitation  and  the  starter 
handle  is  pulled  to  the  ‘  off5  position  by  a  powerful  spring. 

In  D.C.  or  single-phase  AC.  circuits  a  single  overload  relay 
controlling  a  double-pole  circuit  breaker  is  sufficient,  but  in  3-phase 
AC.  circuits  overload  coils  must  be  provided  in  two  phases  if  the 
neutral  is  insulated  and  in  all  three  phases  if  the  neutral  is  earthed 
(§  354)  ;  the  circuit  will  then  be  opened  no  matter  in  which  phase 
the  excessive  current  flows. 

The  setting  of  overload  relays  can  be  varied  so  that  the  relay 
operates  at  any  desired  current  between,  say,  normal  full-load 
current  and  three  times  the  latter. 

The  relay  illustrated  in  Fig.  56  would  cause  the  switch  8  to  be 
opened  directly  the  current  exceeded  a  predetermined  value  and 
might  thus  involve  unnecessary  interruptions  of  working,  for  in 
many  cases  a  momentary  surge  of  current,  far  exceeding  the  per¬ 
missible  steady  current,  would  not  injure  the  circuit  or  apparatus. 
To  allow  for  this,  the  relay  may  be  furnished  with  a  ‘  time 
element 5  which  prevents  the  main  switch  from  being  tripped  until 
the  excessive  current  has  been  maintained  for  a  predetermined 
time. 

The  time  element  may  introduce  a  definite  delay  (say  from  1-3 
secs.)  in  the  tripping,  or  the  delay  may  be  varied  inversely  with 
the  main  current  (‘inverse  time  element  ’). 

Instantaneous  Belays  are  used  in  various  protective  systems 
(§  359)  to  cause  the  main  circuit  to  be  opened  directly  some 
critical  condition  arises  ( e.g .  lack  of  balance)  which  is  a  definite 
indication  of  a  fault  on  the  circuit  protected. 

Definite  Time-limit  Belays  are  used  in  a  graded  series  on 
successive  circuit  breakers  to  prevent  the  whole  length  of  a 
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feeder  being  shut  down  simultaneously.  Thus,  Fig.  58  repre¬ 
sents  a  series  of  circuit  breakers  with  overload  relays  R  used 
On  a  feeder  between  a  generating  station  G  and  substations 
'S.  If  the  relays  Rx  be  given  a  definite  time  element  of  1  sec. ; 

2  secs. ;  and  i?3,  3  secs.,  the  relays  will  operate  progressively 
from  the  far  end  of  the  feeder  towards  the  station  until  the  fault 
Or  overload  is  thus  switched  out.  The  object  is  to  maintain  supply 
those  sections  which  are  nearer  the  generating  station  than  the 
faulty  section.  To  allow  for  the  fact  that  a  fault  at  X  (which 


Fxo.  58.—  Overload  relays  with,  graded  definite  time  limits. 


Would  be  heavier  than  a  corresponding  fault  in  the  more  remote 
Sections,  §  339)  is  protected  only  by  a  relay  with  long  time 
element,  the  relays  may  be  arranged  to  operate  with  fixed  time 
element  up  to  a  certain  overload,  and  instantaneously  at  heavier 
overloads. 

One  method  of  arranging  for  a  definite  time  element  is  indi¬ 
cated  in  Fig.  59.  The  trip  coil  A  is  connected,  in  series  with  a 
battery  JB,  to  bus  bars  G  across  which  are  connected  the  various 
relays,  any  one  of  which  may  bring  about  the  opening  of  the  main 
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Fig.  59. — Various  types  of  relays  applied  to  trip  coil. 


switch.  Thus,  at  a  there  is  an  instantaneous  or  inverse  time 
element  relay ;  and  at  b,  c  there  is  a  definite  time  element  com¬ 
bination,  the  instantaneous  relay  b  (excited  from  the  A.C.  circuit 
t>o  be  protected)  closing  the  circuit  of  the  tripping  relay  c;  until 
g  closes,  the  current  flowing  through  A  is  insufficient  to  operate 
tbe  tripping  mechanism.  The  definite  delay  in  operation  of  the 
la/fcter  is  determined  by  a  pendulum  and  clockwork  device,  by  the 
flow  of  mercury  through  a  small  orifice,  or  by  other  equivalent 
xxxeans. 
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Itioerse  Time  Element  Belays. — One  method  of  securing  a  de¬ 
lay  in  action  which  decreases  with  the  magnitude  of  the  overload  is 
to  fit  the  plunger  of  an  instantaneous  relay  (Fig.  56)  with  a  dash- 
pot  ;  the  timing  of  oil  dashpots  is,  however,  affected  appreciably  by 
temperature  changes,  which  alter  the  viscosity  of  the  oil.  An¬ 
other  method  is  to  use,  instead  of  a  solenoid  and  plunger,  a 
small  induction  motor  which  winds  up  a  cord  carrying  the 
contact-maker.  The  current  at  which  the  motor  starts  is  varied 
by  changing  the  weight  on  the  cord,  and  the  speed  of  the  motor 
varies  with  the  main  current;  hence  the  relay  operates  sooner 
the  heavier  the  current.  Yet  another  method  is  illustrate;!  in 
Fig.  57.  In  this  case,  the  relay  B  opens  the  contacts  ab  directly 
the  main  current  exceeds  a  predetermined  value.  Current  then 
flows  through  the  fuse  F  and  the  trip  coil  T  in  parallel ;  mostly 
through  F  because  of  its  lower  resistance.  After  a  time,  which 
is  shorter  the  heavier  the  current,  the  fuse  F  melts,  and  the  whole 
current  then  passes  through  T  and  trips  the  switch.  The  weak¬ 
ness  of  this  method  is  that  the  fuse  F  gradually  deteriorates  ( §  342) 
and  may  then  cause  the  main  switch  to  be  opened  unnecessarily. 

Fixed  or  inverse  time,  element  relays  are  re-set  automatically 
if  the  overload  is  removed  before  tripping  occurs. 

The  setting  of  any  type  of  relay  is  expressed  as  a  percentage 
of  the  full-load  conditions  in  the  main  circuit  protected ;  if  the 
relay  is  used  with  current  or  voltage  transformers,  the  stated 
setting  refers  to  the  main  circuit  current  or  voltage. 

(For  reverse-power  relays,  see  §  358.) 

345.  Cause  and  Effect  of  Excessive  Pressure. — The  whole 
or  a  part  of  an  electric  circuit  maybe  subjected  to  abnormally  high 
pressure  (i)  by  a  direct  flash  of  lightning  or  by  electrostatic  in¬ 
duction  from  charged  clouds  (§  346);  (ii)  by  the  sudden  inter¬ 
ruption  of  a  highly  inductive  part  of  the  circuit  (§  349) ;  (iii)  by 
sudden  direct  application  of  the  normal  voltage  (§  349);  (iv)  by 
resonance  (§  350) ;  or  (v)  by  the  peculiar  and  unstable  character¬ 
istics  of  arcs  and  sparks,  particularly  £  arcing  grounds’  (§  351). 
Whatever  its  cause,  the  possible  effects  of  excessive  pressure  are 
break-down  of  insulation  and  consequent  danger  to  life  and 
material  (§  352).  Abnormal  pressure  would  invariably  lead  to 
break-down  were  it  not  for  the  following  facts :  (a)  The  insulation 
of  all  properly  designed  circuits  and  apparatus  is  capable  of  with¬ 
standing  a  pressure  much  higher  than  the  normal  pressure 
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(Chapter  40),  and  in  the  case  of  extra  high  voltage  systems  the 
insulation  is  capable  of  withstanding  indefinitely  many  of  the 
pressure  surges  occurring  in  service.  (6)  A  definite  and  consider¬ 
able  amount  of  energy  is  required  to  break  down  insulation  so  that 
if  an  abnormal  pressure  can  be  removed  quickly  enough  the  in¬ 
sulation  will  remain  uninjured,  though  it  would  be  broken  down 
if  the  pressure  were  applied  for  a  longer  period  (§  72).  (c)  In 

many  instances  the  abnormal  voltage  has  a  very  high  frequency 
of  oscillation  and  will  therefore  take  a  path  of  high  ohmic  re¬ 
sistance  ( e.g .  an  air  gap)  in  preference  to  the  normal  circuit  which 
offers  enormous  impedance  to  the  high-frequency  current  (§  135 
(1))- 

If  the  cause  of  abnormal  voltage  cannot  be  avoided,  the  cir¬ 
cuit  must  be  safeguarded  either  by  providing  a  suitable  path  of 
discharge  for  the  excessive  pressure,  or  by  reinforcing  the  insula¬ 
tion  of  the  circuit  at  the  danger  points,  or  by  a  combination  of 
these  methods. 

346.  Lightning  Arresters. — The  voltage  of  lightning  may 
be  inconceivably  great,  and  a  direct  stroke  will  almost  inevitably 
flash  over  the  insulators  and  destroy  the  line  at  that  point. 
Induced  surges  caused  by  lightning  may,  however,  keep  to  the 
line,  and  affect  apparatus  in  the  power  station  or  substation,  or 
spark  across  an  insulator  and  put  the  line  to  earth.  Such  surges, 
and  some  due  to  causes  within  the  circuit  itself,  are  of  variable 
but  always  very  high  frequency,  and  will  therefore  take  the  least 
inductive,  but  not  necessarily  the  best  conducting,  path  to  earth. 
Lightning  arresters  are  designed  to  take  advantage  of  this  fact, 
and  frequently  consist  of  a  spark  gap,  in  one  form  or  another, 
which  the  ordinary  line  voltage  cannot  break  down,  together  with 
a  carbon  or  other  resistance  in  series.  Should  a  high-pressure 
discharge  cause  an  arc  to  strike  across  the  gap,  the  line  current 
will  follow,  but  the  series  resistance  limits  the  current  and  the 
arc  dies  down  or  is  automatically  extinguished,  magnetically  or 
otherwise.  In  order  to  ensure  the  discharge  taking  its  allotted  path, 
an  inductive  coil  or  ‘  kicking  coil  ’  (§  45)  is  generally  connected  in 
series  with  the  line  itself  on  the  station  side  of  the  arrester ;  the 
oscillating  discharge  is  thereby  forced  to  follow  the  alternative 
path.  In  some  places  in  South  Africa  iron  inductance  coils  have 
been  used  instead  of  the  more  usual  copper  coils,  and  have  been 
found  more  effective. 


487 


§  346  ELECTRICAL  ENGINEERING  PRACTICE 

Comb  Arresters. — One  end  of  a  non-inductive  resistance  is  connected  to  the 
line  to  be  protected  and  the  other  end  is  connected  to  a  *  comb  ’  or  serrated  strip 
of  metal,  the  teeth  of  which  are  set  a  short  distance  from  those  of  a  second  comb. 
The  latter  is  connected  to  earth.  Lightning  or  other  voltage  surge  breaks  down 
the  air  gap  between  the  combs,  but  a  ‘  power  discharge  ’  (i.e.  continued  flow  of 
current  at  the  normal  line  voltage)  is  prevented  by  the  high  resistance  in  series 
with  the  gap.  This  type  of  arrester  is  suitable  for  line  pressures  up  to  100  Y 
direct  current  or  400  V  alternating  current. 

Horn  Arresters. — The  general  arrangement  of  a  horn-type  arrester  is  shown 
at  {a)  Fig.  60.  The  horns  may  be  of  copper  or  galvanised  iron  about  $  in.  diam., 
and  they  are  connected  between  line  and  earth  in  series  with  a  high  non-inductive 
resistance.  High-frequency  surges  find  it  easier  to  break  down  the  air  gap  and 
flow  through  .the  resistance  R  than  to  pass  through  the  impedance  of  inductive 
apparatus  in  the  generating  station  G.  In  order  to  oppose-  such  an  impedance  to 
the  high-frequency  discharge  outside  the  station  coils  L  (of  low  reactance  to  low 
frequency  current)  are  connected  in  the  line  on  the  station  side  of  the  arrester. 


(Actually  there  would  be  only  one  arrester  per  phase,  and  the  arresters  on  the  three 
phases  would  be  of  the  same  type.) 

When  the  gap  between  the  horns  is  broken  down  by  lightning  the  line 
current  tends  to  establish  an  arc,  but  the  magnitude  of  the  line  current  is  limited 
by  the  series  resistance,  and  the  arc  runs  up  the  horns  until  it  breaks  from  ex¬ 
treme  length.  A  useful  setting  is  stated  to  be  1  mm.  per  1000  V  plus  1  mm.  to 
prevent  constant  discharge. 

The  resistance  R  maybe  that  of  a  water  column  in  an  insulating  tube  through 
the  closed  top  of  which  is  brought  the  connection  from  the  horn  arrester.  When 
a  discharge  occurs  some  of  the  water  is  converted  to  steam  and  the  remainder  is 
driven  down  the  tube  into  a  surrounding  tank.  An  arc  is  struck  between  the  top 
electrode  and  the  column  of  water,  but  as  the  latter  continues  to  descend  the 
discharge  is  soon  interrupted.  The  steam  then  condenses  and  the  arrester  is  re-set 
by  the  return  of  water  from  the  outer  tank. 

The  horn  gap  arrester  is  capable  of  dealing  with  heavy  surges,  but  it  can  only 
operate  on  over-voltage  and  is  useless  on  a  low-voltage,  high-frequency  surge  ;  if 
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the  gap  be  set  to  protect  the  line  against  high  frequency  surges  at  a  pressure  only 
slightly  exceeding  the  line  voltage,  dust,  steam,  insects,  etc.,  may  cause  un¬ 
necessary  break-downs.  Horn-type  arresters  are  used  for  line  pressures  up  to 
15  000  Y  (D.O.  or  A.C.),  and  for  the  protection  of  trolley  wires  (at  400-650  Y,  D.C.) 
two  horn  gaps  may  be  used  in  series  one  being  provided  with  a  magnetic  blow-out 
coil  (§  365)  connected  across  a  non-inductive  resistance  which  is  shunted  across  the 
second  arrester ;  the  magnetic  blow-out  comes  into  action  in  the  event  of  sustained 
flow  of  D.C.  across  the  gaps. 

Impulse  Protective  Gaps. — In  order  to  obtain  protection  against  pressure 
surges  of  steep, wave  front  (§  349)  without  adopting  an  unduly  small  air  gap 
(which  would  introduce  risk  of  break-down  at  normal  voltage),  the  ordinary  horn- 
gap  arrester  may  be  provided  with  an  intermediate  electrode  between  which  and 
the  two  horns  there  are  connected  impedances  of  different  characteristics.  It  is 
arranged  that,  at  line  frequency,  the  impedances  are  proportional  to  the  break¬ 
down  voltages  of  the  parts  of  the  total  gap  across  which  they  are  shunted.  At 
high  frequency,  however,  the  impedance  of  one  of  these  shunts  is  much  greater 
than  that  of  the  other ;  most  of  the  high-frequency  voltage  is  therefore  imposed 
between  the  auxiliary  electrode  and  one  of  the  horns,  with  the  result  that  this  gap 
breaks  down ;  the  whole  of  the  high-frequency  voltage  then  comes  upon  the  other 
gap  which  also  breaks  down.  In  effect  there  are  two  gaps  in  series,  their  total 
length  being  available  as  insulation  against  the  line  voltage,  whereas  practically 
the  whole  of  a  high-frequency  voltage  is  placed  immediately  across  a  fraction  of 
the  total  gap. 

Multiple  Gap  Arresters  consist  of  a  series  of  cylinders,  or  truncated  cones, 
with  a  short  gap  between  each  pair,  the  terminal  elements  connected  to  line  and 
earth  respectively  (Fig.  69  b);  sometimes  the  cylinders  are  connected  in  series 
with  a  high  resistance,  and  in  other  cases  some  of  the  gaps  are  shunted  by  a 
resistance.  The  arc  is  broken  either  by  the  cooling  effect  of  the  metal  or  by  the 
use  of  certain  non-arcing  metals — zinc,  antimony,  and  bismuth.  The  number 
of  gaps  is  generally  about  E  /  800,  where  E  =  normal  voltage  between  line  and 
earth. 

Water-jet  Arrester. — In  the  jet  arrester  the  line  is  connected  straight  to  earth 
through  a  fine  jet  of  water,  the  resistance  of  which  is  so  high  that  the  normal 
leakage  is  very  small ;  the  jet  arrester  provides  a  permanent  leak  to  earth  for  high- 
frequency  surges,  irrespective  of  voltage ;  it  is  particularly  useful  for  dispelling 
slowly  accumulating  static  charges.  In  the  case  of  low-tension  D.C.  installations 
a  tank  is  substituted,  and  conducting  plates  within  it  are  adjusted  to  allow  a  small 
continuous  leakage  from  pole  to  pole,  through  the  water,  whenever  there  is 
a  likelihood  of  lightning  troubles.  This  type  of  arrester  can  only  be  used 
where  there  is  a  constant  supply  of  water  and  no  danger  of  freezing.  Electrode¬ 
type  electrically  heated  steam  boilers  (Chapter  26)  afford  excellent  protection 
against  over-voltage  (the  lines  being  earthed  through  the  relatively  low  resistance 
of  the  water  in  the  boiler),  but  these  boilers  are  generally  only  in  service  during 
hours  when  there  is  surplus  hydro-electric  power  available. 

Electrolytic  Lightning  Arrester. — Sheet  aluminium  trays  of  V”V-section 
(Fig.  60  c)  are  mounted  one  above  the  other  with  porcelain  insulators  between  the 
rims  of  consecutive  trays.  The  trough  of  each  tray  is  filled  with  electrolyte 
similar  to  that  used  in  electrolytic  rectifiers,  and  the  whole  stack  is  placed  in  a 
steel  tank  which  is  then  filled  with  insulating  oil.  The  bottom  tray  is  connected 
to  earth  and  the  top  tray  is  connected  to  line.  A  film  of  aluminium  hydroxide  is 
formed  upon  the  trays  by  electrolytic  action,  and  the  number  of  trays  used  is  such 
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that  the  total  resistance  of  the  films  is  sufficient  to  withstand,  say,  50  %  higher 
than  line  voltage.  Excess  voltage  (above  about  350  V  per  cell)  breaks  down  the 
films  of  hydroxide,  but  the  latter  reform  directly  the  excess  voltage  has  been  dis¬ 
sipated  and  thus  prevent  the  maintenance  of  a  power  discharge. 

The  stack  of  trays  constitutes  a  condenser  and — in  order  that  there  may  not  be 
a  continual  capacity  current,  and  in  order  to  prevent  disintegration  from  continual 
leakage — it  is  necessary  to  use  a  horn  gap  in  series  with  the  arrester.  Since  the 
film  on  the  trays  gradually  dissolves  in  the  electrolyte  it  is  necessary  to  re-charge 
the  cell  by  short-circuiting  the  horn  gap  (through  a  suitable  resistance)  for  a  few 
seconds  once  a  dav ;  this  is  an  inconvenience. 

Oxide  Film  Arrester. — This  arrester  depends  upon  the  fact  that  lead  peroxide 
is  a  relatively  good  conductor  whereas  litharge  (into  which  the  peroxide  is  con¬ 
verted  by  heat)  is  an  insulator.  Capsules  about  7  ins.  dia.  x  J  in.  deep,  consist¬ 
ing  of  metal  discs  fixed  to  a  porcelain  insulating  and  spacing  ring,  are  filled  with 
lead  peroxide  and  stacked  one  above  the  other,  the  stack  being  connected  in  series 
with  a  horn  gap  arrester  as  in  Fig.  60  d.  The  inside  of  the  metal  discs  of  the 
capsules  is  coated  with  insulating  varnish,  but  when  the  voltage  per  capsule  exceeds, 
say,  400  V  the  varnish  is  punctured  and  a  discharge  flows  to  earth.  The  heat 
developed  (by  PR)  loss  in  the  lead  peroxide  between  the  points  of  puncture  converts 
the  peroxide  to  litharge  and  thus  seals  the  puncture  and  re-sets  the  arrester.  The 
capsules  generally  remain  in  service  for  some  years  before  the  varnish  films  become 
covered  with  re-sealed  punctures;  when  this  stage  is  reached  new  capsules  are 
required. 

On  3-phase  lines  it  is  necessary  to  remember  that  if  the 
arresters  on  all  phases  are  connected  to  a  common  earth,  and  if 
there  is  insufficient  damping  resistance  in  circuit  with  each,  the 
lines  may  be  practically  short  circuited.  With  horn  arresters  this 
is  not  aipuncommon  mistake,  and  the  arresters  are  blamed  for  the 
consequent  trouble. 

Moscicki  condensers  *  are  sometimes  used  to  absorb  high-fre¬ 
quency  surges  of  any  voltage ;  they  will  take  care  of  rapid  surges, 
have  no  permanent  leak  to  earth,  and  can  be  installed  where  water 
is  not  available  for  jets.  They  are  generally  used  in  combin¬ 
ation  with  Giles  valves.  Mechanically,  they  are  rather  fragile. 
They  have  been  installed  in  various  stations  in  Rhodesia  and  are 
fully  considered  in  a  paper  by  Wragg  (Trans.  S.  African  I.E.E. 


*  In  these  condensers  a  glass  tube  closed  at  one  end  is  coated  inside  with  silver 
(deposited  chemically) ;  the  outer  coating  may  be  a  similar  layer  of  silver  or  the 
tube  may  be  immersed  in  a  conducting  solution  of  glycerine  and  water  contained 
in  an  outer  vessel.  By  the  use  of  a  suitable  thickness  of  glass  and  by  avoiding 
sharp  comers  therein  the  condensers  can  be  made  to  withstand  high  voltages.  A 
Moscicki  condenser  described  by  W.  M.  Mordey  (Jour.  I.E.E. ,  Vol.  43,  p.  621) 
consisted  of  eight  tubes  each  2  ins.  dia.  x  2  ft.  9  ins.  long  (3  ft.  2  ins.  with  connec¬ 
tions);  the  condenser  was  intended  for  A.C.  working  at  10  000  V.  and  had  a  total 
capacity  of  0*03  juF. 
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June,  1915).  The  use  of  condensers  may  increase  the  dangers 
arising  from  arcing  grounds  (§  351). 

Whereas  a  choking  coil  or  inductance  retards  the  growth  of 
current  and  causes  the  applied  E.M.F.  to  “pile  up5’  on  the  end 
turns  of  the  inductance  to  which  it  is  applied  (§  349),  a  condenser 
has  the  opposite  effect  and  tends  to  flatten  the  wave-front  of  the 
applied  E.M.F.  A  system  of  protection  which  utilises  these  two 
phenomena  and  is  applicable  to  English  conditions  consists  in  con¬ 
necting  a  choke  coil  and  a  length  of  lead-sheathed  cable  in  series 
between  an  overhead  line  and  the  generator  or  other  apparatus  in 
the  power  station  or  sub-station.  The  sheathing  of  the  cable  is 
connected  to  earth  and  so  is  the  neutral  point  of  the  generator  or 
other  apparatus  to  be  protected.  The  leading-in  cable  from  each 
line  may  thus  be  regarded  as  a  condenser  connected  in  parallel  with 
the  corresponding  phase  of  the  generator,  etc.  The  choking  coil 
delays  the  increase  of  the  current  set  up  by  the  lightning  or  surge 
E.M.E.  and  this  current  charges  the  condenser  (i.e.  the  cable)  to 
a  moderate  voltage,  much  lower  than  that  of  the  surge.  The 
choking  coil  is  sometimes  omitted,  reliance  then  being  placed 
entirely  upon  the  protective  condenser-action  of  the  cable. 
In  either  case  the  abnormal  voltage  on  the  line  is  dissipated 
partly  by  the  ohmic  loss  experienced  in  surging  to  and  fro 
on  the  line,  and  partly  by  flowing  to  earth  through  the  cable- 
condenser. 

347.  Earth  Wires. — A  continuous  steel  earth-wire  (often 
barbed)  is  generally  run  along  the  top  of  the  poles  of  a  transmis¬ 
sion  line,  and  serves  to  protect  the  conductors  to  some  extent  from 
lightning,  by  maintaining  a  zone  at  earth  potential  and  by  acting  as 
a  lightning  conductor  (§  348).  If  underground  cables  are  used  to 
carry  aerial  lines  across  a  street,  as  is  sometimes  the  case,  the  over¬ 
head  earth -wire  should  be  brought  down  also,  and  wound  on  to  the 
cable  sheathing ;  and  earth  plates  should  be  provided  at  each  side 
of  the  crossing.  The  wire  should  in  any  case  be  earthed  at  every 
second  or  third  pole  if  possible.  Where  no  good  natural  earth  can 
be  found  in  which  to  bury  the  coil  of  earth- wire,  an  iron  pipe  is 
driven  into  the  ground  and  either  coke  or  salt  filled  in  ;  it  should 
be  placed  where  rain  will  run  in.  The  earth  connection  for  all 
types  of  protective  devices  should  be  as  short  as  possible  to  be 
effective,  and  especially  for  condensers.  On  a  wood-pole  line  the 
use  of  an  earth  wire  increases  the  risk  of  short  circuiting  by  birds. 
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The  Electricity  Commissioners’  Regulations  concerning  earth-wires 
are  mentioned  in  §  324. 

348.  Lightning  Conductors.— In  order  to  secure  absolute 
protection  of  buildings  from  lightning  *  a  complete  network  of 
wires,  connected  with  earth  at  many  points,  would  be  made  to 
cover  the  whole  structure ;  this  is  indeed  practically  done  in  the 
case  of  magazines.  Ordinarily  one  or  more  lightning  conductors 
are  used,  according  to  the  size  of  the  building,  and  the  nearer  the 
arrangement  corresponds  to  a  complete  screen  the  better  will  the 
protection  be.  Iron  or  steel  wire  or  stranded  rope  is  considered  to 
be  more  effective  than  copper,  and  is  also  less  liable  to  be  cut  away 
and  sold. 

A  conductor  should  run  as  directly  as  possible  from  its  highest  point  to  earth, 
not  following  the  contour  of  the  building  but  bridging  over  all  projections.  It 
should  be  so  supported  that  there  is  no  risk  of  its  fracture  by  subsidence  of  the 
structure.  As  far  as  possible  it  should  be  run  where  it  will  not  be  within  striking 
distance  of  metals  on  the  inside  of  the  walls,  such  as  gas  or  water  pipes  or  electric 
wiring,  as  there  is  always  a  danger  of  a  discharge  flashing  over ;  insulators  should 
not,  however,  be  used  as  supports.  It  is  good  practice  to  connect  together  all  the 
separate  conductors  on  a  building  by  horizontal  ring  conductors  both  on  the  roof 
and  near  the  ground,  and  also  to  connect  them  electrically  to  any  outside  metal 
work,  such  as  rain  pipes,  iron  or  lead  roofing,  ventilating  pipes,  and  the  like.  There 
cannot  be  too  many  multiple  vertical  points  or  aigrettes ;  apart  from  the  main 
vertical  rods,  short  ones  should  be  joined  to  the  upper  horizontal  conductor  at 
frequent  intervals,  and  especially  at  all  points  above  the  general  level.  Lightning 
conductors  sometimes  terminate  in  a  large  corkscrew-like  aigrette,  of  several  spirals, 
apparently  to  improve  their  appearance ;  this  acts  as  a  powerful  choking  coil,  and 
is  probably  worse  than  having  no  conductor  at  all,  as  a  high-frequency  discharge 
will  almost  certainly  choose  another  path. 

Joints  in  the  conductor  should  be  made  both  mechanically  and 
by  soldering,  and  the  conductors  should  preferably  be  painted, 
even  if  already  galvanised.  For  iron  or  steel  conductors  the  best 
earth  plate  is  a  perforated  pipe  of  the  same  metal,  containing  the 
end  of  the  conductor  packed  round  with  granulated  carbon,  and 
placed  where  rain  off  the  roof  will  keep  it  moist.  Modern  copper 
earth  plates  are  often  made  of  No.  16  gauge  sheet  metal  with  a 
number  of  triangular  tongues  or  projections  stamped  out  from 
the  solid  to  form  points  from  which  the  discharge  may  take  place 
more  readily.  It  is  convenient  to  have  disconnecting  links  ar¬ 
ranged  so  that  the  resistance  from  one  earth  plate  to  another 


*  A  very  instructive  address  on  this  subject  by  A.  Hands,  is  reported  in  Elec¬ 
tricity ,  Yol.  30,  pp.  126, 185,  191. 
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can  be  readily  measured  through  the  intervening  ground.  This 
varies  enormously  in  different  localities,  but  a  comparatively  high 
resistance  is  immaterial  in  a  place  where  a  really  good  natural 
earth  can  nowhere  be  found.  Owing  to  electrolytic  action  be¬ 
tween  the  earth  plates  and  moist  ground,  D.O.  tests  of  earth- 
plate  resistance  are  somewhat  inaccurate,  though,  by  reversing 
direction  after  each  test,  results  near  enough  are  obtained  ;  there 
are,  however,  methods  of  and  apparatus  for  testing,  using 
interrupted  or  alternating  currents.  The  customary  method  of 
ascertaining  the  resistance  x  of  an  earth  is  by  means  of  two  other 
auxiliary  or  independent  earths  y  and  z.  By  means  of  the 
Wheatstone  bridge  (§  120),  readings  (both  direct  and  reversed) 
are  taken  of  each  pair  in  turn,  deducting  the  resistance  of  the 
leads  and  recording  the  average  value  of  each  pair  in  ohms. 
Then  if  (x  4*  y)  =  p  ;  (x  +  z)  =  q  ;  and  (y  4*  z)  =*  r,  it  follows 
that  x  —  (p  4  q  -  r)  /  2. 

349.  Switching;  Surges. — Abnormal  stress  may  be  placed 
upon  the  insulation  of  a  circuit  either  when  ‘  switching  on  ’  or 
when  4  switching  oft’  On  switching  a  transformer  into  circuit 
the  voltage  may  rise  to  about  twice  its  normal  value  unless  it 
happens  that  the  switch  is  closed  at  the  instant  when  the  voltage 
is  a  maximum  and  the  magnetising  current  (lagging  90°)  is  there¬ 
fore  zero  for  the  moment.  If  the  switch  be  closed  very  slowly  a 
flash-over  will  ultimately  occur  at  the  moment  of  maximum 
voltage;  this  avoids  the  voltage  surge  otherwise  set  up  but  it 
damages  the  switch  contacts.  In  this  and  other  cases  the 
pressure  surge  on  switching-in  may  be  reduced  by  closing  the 
circuit  through  a  high  resistance  which  is  connected  between 
charging  contacts  (§  368)  and  the  main  switch  contacts. 

Apart  from  the  possibly  excessive  value  of  the  pressure  surge 
when  switching-in,  there  is  a  temporary  concentration  of  stress 
on  the  end  turns  of  inductive  windings.  At  the  moment  of 
switching  -  on  practically  the  whole  applied  pressure  is  con¬ 
centrated  on  the  end  turns,  the  building-up  of  the  current  being 
delayed  by  the  inductance  of  the  winding.  The  steeper  the  wave- 
front  of  the  applied  pressure  the  more  severe  is  this  concentration 
of  stress,  and  the  only  way  to  avoid  break-down  is  to  reinforce 
the  insulation  on  the  turns  concerned  or,  alternatively,  to  connect 
a  suitably  insulated  reactance  in  series  with  the  winding.  This 
reinforcement  of  insulation  is  required  at  both  ends  of  a  d.elta 
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.winding,  and  at  every  tapping  point  if  the  tappings  be  at  the  line 
end  of  the  winding. 

On  switching  off  or  otherwise  interrupting  the  circuit  of  an 
inductive  winding  (e.g.  a  motor  field  winding  by  returning  the 
starter  to  ‘  off  ’)  there  is  a  sudden  collapse  of  the  magnetic  field 
which,  in  collapsing,  induces  an  E.M.F.  in  the  winding.  This 
E.M.F.  is  higher,  the  greater  the  initial  magnitude  of  the  held  and 
the  more  rapid  its  collapse.  To  protect  the  switchgear  from  the 
vicious  arcing,  and  the  insulation  from  the  severe  strain  which 
otherwise  arises,  the  inductive  winding  should  be  switched  in 
parallel  with  a  non-inductive  resistance  a  moment  before  it  is 
disconnected  from  the  main  circuit ;  there  is  thus  provided  a 
circuit  in  which  the  energy  stored  in  the  magnetic  field  ( §  57 ) 
may  be  dissipated  harmlessly. 

The  violent  fluctuations  of  load  in  electric  arc  furnaces,  includ¬ 
ing  frequent  interruptions  of  circuit  during  the  earty  stages  of 
melting,  impose  severe  stresses  on  the  end  turns  of  the  transformers 
supplying  the  furnaces. 

350.  Resonance. — As  explained  in  §  47  a  circuit  containing 
inductance  and  capacity  in  series  may  be  in  resonance,  in  which 
case  the  voltage  across  the  inductance  and  across  the  capacity  may 
be  indefinitely  high,  however  low  the  applied  voltage.  The 
resonant  voltage  is  only  limited  by  the  ohmic  resistance  of  the 
circuit,  and  may  easily  be  high  enough  to  break  down  the  insula¬ 
tion  of  the  circuit.  The  relation  between  inductance  and  capacity 
required  to  establish  resonance  varies  with  the  frequency  of  the 
current  (§47)  and  there  is  therefore  especial  danger  of  resonance  : 
(i)  If  an  excited  alternator  be  run  up  to  speed  (or  a  motor  or  con¬ 
verter  be  allowed  to  slow  down)  whilst  connected  to  a  circuit, 
because  the  current  then  passes  through  all  values  of  frequency 
below  the  normal  value,  (ii)  If  the  pressure  wave  be  not  a  pure 
sine  wave,  because  resonance  may  then  occur  at  the  frequency  of 
some  of  its  harmonics,  (iii)  If  the  circuit  be  subjected  to  an 
earthing  ground  (§  351),  because  the  irregular  currents  then  flow¬ 
ing  contain  many  harmonics . 

Since  the  amplitude  of  resonance  decreases  as  the  ohmic 
resistance  increases,  the  temporary  addition  of  resistance  is  a  useful 
precaution  where  there  is  risk  of  resonance.  The  useful  employ¬ 
ment  of  resonance  in  half-wave  and  quarter- wave,  transmission  is 
referred  to  in  §  318. 
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351.  Arcing  Grounds  :  Intermittent  Earths.— In  a  trans¬ 
mission  system,  the  neutral  point  of  which  is  earthed  directly  or 
through  a  resistance  (§  354),  the  current  flowing  through  an  earth 
fault  on  one  phase  to  the  earth  connection  of  the  neutral  will  be 
sufficient,  ultimately  if  not  at  once,  to  operate  the  overload  pro¬ 
tection  devices  (§§  342,  343)  or  the  leakage  or  balance  selective 
protective  devices  (§§  357  et  seq.).  If,  however,  the  system  be 
operated  with  isolated  (non-earthed)  neutral  the  only  effect  of  an 
earth  fault  on  one  phase  of  a  3-phase  star-connected  system  will  be 
to  raise  the  potential  of  the  sound  phases  to  3  E  volts  above  earth, 
where  E  is  the  normal  voltage  between  line  and  neutral.  Such, 
at  any  rate,  is  the  theory  of  the  isolated-neutral  system  and  if  the 
earth  connection  on  the  faulty  phase  be  a  definite  one,  the  new 
distribution  of  potential  will  be  effected  without  much  surging 
and  will  then  remain  steady  ;  provided  that  the  insulation  of  the 
sound  phases  can  withstand  the  higher  voltage  to  which  it  is  sub¬ 
jected  the  system  can  remain  in  service  until  there  is  an  opportunity 
to  locate  and  remedy  the  fault.  If,  in  the  meantime,  an  earth 
fault  occurs  on  one  of  the  other  phases  as  well  there  will  be  a 
short  circuit  between  the  two  faulty  phases. 

One  of  the  chief  dangers  of  the  isolated  neutral  system  arises 
from  the  fact  that  an  earth  fault  on  one  of  the  lines  is  rarely  in 
the  form  of  a  definite  connection  to  earth.  It  is  almost  invariably 
in  the  form  of  an  arc  which,  being  shunted  by  the  capacity  of  the 
line  to  earth,  is  unstable.  After  the  first  extinction  of  the  arc 
there  is  left  on  the  line  a  relatively  steady  high-voltage  charge 
which,  added  to  the  normal  line  voltage,  causes  the  arc  to  be 
struck  again.  This  action  may  be  repeated  indefinitely,  ex  ceedingly 
high  voltages  being  built  up  by  cumulative  charging  of  the  line, 
and  surges  being  established  which  vary  in  frequency  and  ampli¬ 
tude  according  to  the  electrical  constants  ( B ,  L,  and  G)  of  the 
circuit  and  the  position  of  the  ‘  arcing  ground  ’  in  the  system. 
Apart  from  the  possibility  of  their  establishing  resonance  (§  350), 
arcing  grounds  subject  the  insulation  of  the  line  to  abnormal 
voltages. 

One  method  of  suppressing  arcing  grounds  consists  in  provid¬ 
ing  each  line  with  an  arc  suppressor ,  ie.  an  automatic  device 
which,  in  the  event  of  a  break-down  to  earth,  at  once  connects 
the  line  affected  definitely  to  earth  near  the  station.  The  line 
thus  being  rendered  4  dead  ’  the  arc  is  extinguished,  but  the 
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definite  earth  connection  involves  considerable  shock  to  the 
system,  and  by  raising  the  voltage  of  the  sound  phases  (as  ex¬ 
plained  above)  introduces  a  risk  of  break-down  at  some  other 
point.  It  is  generally  arranged  that  the  definite  connection  to 
earth  is  temporary,  in  the  first  instance,  so  that  normal  service 
may  be  resumed  if  the  earth  fault  is  cleared ;  if  the  fault  persists 
the  suppressor  is  locked  ‘  in  ’  the  next  time  it  closes. 

An  alternative  method  of  protecting  systems  against  arcing 
grounds  consists  in  using  the  Petersen  earth  coil  which  is  designed 
to  neutralise  the  capacity  effect  of  the  line  and,  by  removing  the 
residual  charge  on  the  latter,  to  prevent  the  arc  from  being  re¬ 
struck  The  action  of  the  coil  may  be  explained  as  follows  *  : — 


Referring,  for  simplicity,  to  a  single-phase  network,  the  phases  1,  2  (Pig.  61) 
have  capacities  Cv  C2  with  regard  to  earth  ;  and  the  ‘  earthing  coil  ’  L  is  con- 

/c  Ic 


Fig.  61. — Illustrating  the  action  of  the  Petersen  earth  coil. 

nected  between  the  neutral  point  0  and  earth.  In  the  event  of  a  fault  (2  -  X, 
Fig.  61  b)  to  earth  on  phase  2,  the  current  Ie  flowing  to  earth  and  back  via  L  is, 
neglecting  resistance :  Ie  —  E  /  2-rrfL  (§  45),  and  lags  90°  on  the  voltage  E  between 
phase  conductor  and  neutral.  The  capacity  earth  current  is  the  charging  current, 
at  voltage  2 E  of  the  capacity  C1  of  the  sound  phase  and  is  :  Ic  =  2irfEC  (§  46) ; 
this  current  leads  90°  with  regard  to  E  and  is  therefore  in  direct  opposition  to  the 
current  Ie.  The  paths  of  the  currents  Ic  are  shown  by  the  arrows  in  Fig.  61. 
In  order  that  Ie  may  equal  Ic :  2i wfL  =  1  /  (2tt/(7),  i.e.  the  inductive  reactance  of 
the  earth  coil  must  equal  the  capacity  reactance  of  the  network  capacities  against 
earth.  If  this  condition  be  fulfilled  the  currents  Ie,  I0  will  cancel  out  in  the  fault 
2  —  X,  i.e.  the  earth  fault  current  will  be  zero  and  the  arc  will  be  suppressed  ; 
without  the  coil  L  the  capacity  current  of  the  sound  phase  would  flow  through 
the  earth  fault  and  cause  intermittent  arcing. 

Actually  the  currents  Ie ,  Ic  have  each  a  power  component  (due  to  the 
resistances,  etc.,  of  the  circuits) ;  these  components  do  not  cancel,  but  add  together 
to  form  the  resultant  current  Ir  through  the  fault  (Fig.  61  c).  It  is  claimed  that 
the  residual  earth  current  is  very  small  (from  4-15  %  of  Ic ),  and  that  it  is  in- 


*  See  also  Elekt.  Zeits .,  Vol.  40,  p.  5  ;  Vol,  42,  p.  695  ;  and  Science  Abstracts , 
Vol.  22,  B,  No.  830;  Vol.  25,  B,  No.  113. 
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capable  of  maintaining  the  arc ;  also,  that  effective  protection  is  provided  even 
when  the  inductive  and  capacity  reactances  are  not  balanced  accurately,  so  that 
there  is  +  30  0/o  difference  between  1 e  and  Ic. 

It  is  claimed  that  the  Petersen  coil  is  far  more  effective  than 
a  simple  resistance  or  gap  discharger  between  neutral  and  earth, 
in  dispersing  the  dangerous  charge  on  the  faulty  line,  but  opinions 
differ  as  to  the  kVA  capacity  of  lines  to  which  the  system  can 
safely  be  applied,  and  as  to  the  possibility  of  dangerous  pressures 
being  established  by  resonance  between  the  capacity  of  the  lines 
and  the  inductance  of  the  earthing  coil.  It  has  been  proposed  to 
make  the  earthing  coil  a  ‘  dissonance  coil/  i.e.  of  such  inductance 
that  it  is  not  in  resonance  with  the  capacity  of  the  system,  but 
this  seems  to  remove  the  essential  feature  of  the  Petersen  system 
whilst  still  leaving  the  possibility  of  resonance  at  harmonic  fre¬ 
quencies. 

From  tests  and  practical  experience  with  a  ‘neutral  grounding  reactor  * 
(Petersen  coil)  in  an  American  installation,  W.  W.  Lewis  (Jour.  Amer.  I.E.E. , 
Vol.  42,  p.  467)  concludes  that  the  system  with  reactor  is  more  like  an  isolated- 
neutral  system  than  a  grounded-neutral  system  from  the  standpoint  of  voltage 
stresses,  except  that  excessive  voltage  rises  due  to  arcing  grounds  are  eliminated. 
The  system  with  reactor  has  an  advantage  over  the  grounded-neutral  system  in  that 
arcs  are  eliminated  without  short  circuit.  The  reactor  will  probably  be  limited  to 
comparatively  low  voltage  and  short  systems  owing  to  the  cost  of  installing  it  on 
high  voltage,  long  systems,  and  the  difficulty  of  obtaining  a  current  balance  at  the 
arc ;  also,  its  use  will  probably  be  limited  to  isolated -neutral  systems,  the  operation 
of  which  is  not  satisfactory  but  on  which,  for  some  reason,  it  is  not  desired  to  con¬ 
nect  the  neutral  straight  to  earth. 

The  value  of  earthing  the  neutral  through  a  resistance  as  a 
protection  against  arcing  grounds  and  other  causes  of  voltage 
rises  has  been  discussed  by  K.  Edgcumbe  who  reaches  the  follow¬ 
ing  conclusions : — 

1.  Three-phase  systems  with  insulated  neutrals  are  dangerous  owing  to  their 
liability  to  transient  voltage  rises  due  to  intermittent  earths. 

2.  The  connection  of  the  neutral  point  of  a  3-phase  system  direct  to  earth  is  in¬ 
advisable  owing  to  the  unlimited  current  which  may  flow  in  the  event  of  an  earth 
fault. 

3.  Earthing  the  neutral  point  through  a  resistance  affords  complete  protection 
against  voltage  rises  due  to  intermittent  earths.  It  is  valuable  in  suppressing 
rises  due  to  all  other  causes,  limits  the  current  in  the  event  of  an  earth  fault,  and 
enables  advantage  to  be  taken  of  leakage  tripping. 

4.  The  earthing  choker  is  valueless  on  complicated  systems,  always  involves 
a  serious  risk  of  resonance,  offers  no  advantages  over  the  earthing  resistance  as  a 
means  of  suppressing  intermittent  earths,  and  is  useless  as  a  protection  against 
voltage  rises  due  to  any  other  causes  (El.  Bev Vol.  90,  p.  399). 
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352.  Failure  of  Insulation;  Leakage  Protection. — The 

causes  of  failure  in  the  insulation  of  any  part  of  a  circuit  may  be  : 
(i)  deterioration  of  the  insulation  by  overheating  (§§  72,  80) 
caused  by  overload  or  otherwise ;  or  (ii)  stressing  of  the  insulation 
by  voltage  higher  than  it  will  withstand  even  in  its  normal  con¬ 
dition,  such  excessive  voltage  being  due  to  any  of  the  causes 
discussed  in  §§  345-351.  The  effect  of  the  failure  is  to  introduce 
danger  to  life  from  shock ;  possible  failure  of  insulation  in  other 
circuits  by  the  admission  to  or  near  them  of  pressure  higher  than 
that  for  which  they  are  insulated ;  and  possible  flow  of  leakage 
current  which  may  cause  damage  by  electrolysis,  char  surrounding 
insulation,  woodwork,  etc. ,  by  its  heating  effect  and  thus  introduce 
risk  of  fire,  or  be  of  such  magnitude  as  to  constitute  a  short  circuit 
with  all  its  serious  consequences  (§  338).  To  prevent  failure  of 
insulation  it  is  necessary  to  avoid  the  causes  of  failure  specified 
above. 

Once  insulation  has  failed,  the  only  safe  course  is  to  isolate  the 
affected  portion  of  the  circuit  and  repair  the  insulation.  Theoretic¬ 
ally  a  single  failure  in  the  insulation  between  a  conductor  and 
earth  should  not  matter  if  the  insulation  be  intact  throughout  the 
remainder  of  the  circuit.  Actually,  however,  the  failure  subjects 
the  insulation  of  the  other  line  or  lines  to  the  full  voltage  of  the 
system  (§§  351,  354)  and  the  danger  of  shocks  is  also  increased. 
If  the  neutral  be  earthed,  an  earth  fault  on  any  line  will  result  in 
short  circuit  through  the  resistance  of  the  fault  and  of  the  neutral 
earth  connection. 

Theoretically,  several  faults  may  exist  simultaneously  without 
disturbing  operation,  so  long  as  they  are  all  on  the  same  pole  or 
phase,  but  actually  there  may  be- a  pressure  difference  of  10  or  15  V 
between  two  points  in  a  wiring  system  (much  more  in  other  cases) 
and  this  is  sufficient  to  cause  considerable  leakage  under  favourable 
conditions  (cf.  rail  return  in  traction  systems,  Chapter  35). 

The  leakage  current  between  a  nominally  insulated  conductor 
and  earth  may  be  measured  by  a  milliammeter  connected  between 
the  conductor  and  earth,  and  when  the  total  leakage  current 
exceeds  1/1  000  of  the  maximum  current  supplied  steps  should 
be  taken  to  locate  the  leakage  and  improve  the  insulation  of  the 
system. 

Long  before  the  leakage  from  a  faulty  system  becomes  suffi¬ 
cient^  tQ.  operate  overload-protection  devices  (§§  342,  343)  the 
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leakage  current  is  dangerous,  and  it  is  desirable  that  the  faulty 
section  should  be  isolated  automatically  by  a  leakage-protection 
device .  This  may  consist  of  a  relay  which  is  actuated  by  the 
leakage  current  itself,  or  it  may  utilise  the  fact  that  when  there 
is  leakage  the  algebraic  sum  of  the  currents  in  the  three  con¬ 
ductors  of  a  3-phase  system  is  no  longer  zero. 

In  the  Howard  leakage  detector  a  current  transformer  is  connected  in  the 
earthing  wire  of,  say,  a  switchboard  frame,  and  the  secondary  of  the  current 
transformer  is  connected  to  a  tripping  relay  (§  344).  Then  if  there  is  leakage  to 
earth  from  the  bus  bars  (in  the  example  chosen)  the  current  transformer  carries 
the  earth  current  and  the  relay  trips  the  circuit  breaker  and  isolates  the  defective 
bars. 

In  the  Ferranti-Field  leakage-protection  system  for  cables,  a  coil  connected 
to  the  trip-relay  is  wound  on  an  iron  core  which  surrounds  the  3-phase  cable  to 
be  protected.  In  the  event  of  leakage  from  any  one  of  the  cable  cores,  the 
algebraic  sum  of  the  currents  in  the  latter  is  no  longer  zero ;  a  resultant  flux 
therefore  traverses  the  iron  core  and  induces  an  E.M.F.  in  its  winding  which 
operates  the  relay  ( see  also  §  359  (i)). 

Other  selective  or  discriminative  systems  of  protection  which 
also  isolate  the  defective  section  in  the  event  of  leakage,  are 
described  in  §  359. 

353.  Earthing. — Regulation  21  of  the  Electricity  Regulations 
(Factory  and  Workshop  Acts)  runs  as  follows: — 

Where  necessary  to  prevent  danger,  adequate  precautions  shall  be  taken 
either  by  earthing  or  by  other  suitable  means  to  prevent  any  metal  other  than 
the  conductor  from  becoming  electrically  charged. 

This  regulation  applies  at  all  pressures  exceeding  125  V  alternat¬ 
ing  or  250  V  direct.  The  term  ‘  earthed  ’  as  defined  in  the  Regu¬ 
lations,  means  connected  to  the  general  mass  of  earth  in  such 
manner  as  will  ensure  at  all  times  an  immediate  discharge  of 
electrical  energy  without  ‘  danger/  This  is  defined  as  danger  to 
health  or  to  life  or  limb  from  shock,  burn  or  other  injury  or  from 
fire  or  explosion. 

Methods  to  be  adopted  and  precautions  to  be  observed  in 
earthing  specified  parts  of  electrical  systems  are  discussed  very 
fully  in  the  Memorandum  on  the  Electricity  Regulations  *  which 
should  be  consulted ;  for  notes  on  Earthing  in  Mines  see  Chapter 
32.  It  must  here  suffice  to  say  that  all  hare  metal — such  as 
machine  or  switchboard  frames,  transformer  tanks,  cable  sheaths 


*  H.M.  Stationery  Office,  4d.  net. 
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(metallic),  etc. — which  may  be  rendered  ‘live  ’  by  leakage  or  by 
direct  contact  with  charged  conductors  must  be  ‘  earthed  ’  by 
connection  to  a  suitable  ‘earth  plate’  (§  348  and  Chapter  32). 
In  some  instances  the  bare  metal  which  must  be  earthed  is  used 
to  prevent  access  to  live  parts,  as  in  the  case  of  metal  screens 
enclosing  switchgear;  in  other  cases,  e.g.  motor  frames,  trans¬ 
former  tanks,  etc.,  it  is  a  constructional  part  of  the  apparatus. 
Where,  as  in  portable  apparatus,  a  permanent  earth  connection 
cannot  be  made  to  the  frame,  it  is  usual  to  provide  a  special 
earthing  conductor  in  the  cable  supplying  the  apparatus  in 
question,  this  conductor  leading  back  to  some  point  at  which  a 
permanent  earth  connection  is  established. 

If  an  operator  must  necessarily  work  on  or  near  live  metal  he 
should  be  provided  with  rubber  gloves  and  an  insulating  mat  or 
stand ;  and  he  should  be  prevented,  by  an  insulating  screen,  from 
touching  earthed  metal.  It  should  be  remembered  that  it  may 
be  dangerous  to* touch  even  the  insulation  of  conductors  at  high  or 
extra-high  pressure.  Working  on  live  overhead  conductors  is 
extremely  dangerous  and  demands  the  utmost  vigilance.  It  is 
possible  to  receive  a  fatal  shock  when  working  on  a  nominally 
dead  line  which  runs  parallel  to  live  conductors,  owing  to  the  high- 
pressure  charge  induced  by  the  latter  (i see  Science  Abstracts ,  Vol. 
25,  B,  No.  1039). 

354.  Earthing  the  Neutral. — During  normal  operation  the 
‘  neutral  point  ’  of  any  electric  circuit  is  at  earth  potential,  and  by 
connecting  it  to  earth  it  is  kept  at  this  potential  whatever  the 
irregularities  on  the  system.  It  is  usual  to  make  the  connection 
between  neutral  and  earth  through  a  resistance  which  limits  the 
current  flowing  in  the  event  of  a  £  dead  (low-resistance)  earth *  on 
one  line.  Iron  grid  resistances,  water  resistances,  and  carbon  re¬ 
sistances  are  used  for  this  purpose ;  carbon  resistances  have  several 
advantages  one  of  which  is  that  the  negative  temperature  coefficient 
of  resistance  of  this  material  allows  the  current  to  increase  gradu¬ 
ally  until  the  circuit  breakers  operate.  If  the  neutral  points  of 
two  or  more  paralleled  machines  or  stations  be  earthed,  precautions 
must  be  taken  to  prevent  the  circulation  of  current  in  the  parallel 
earth  connections. 

With  an  earthed  neutral,  an  earth  fault  on  any  line  at  once  • 
operates  the  circuit  breakers  or  selective  protection  gear ;  the 
only  disadvantage  is  that  a  shut-down  may  be  occasioned  by  a 
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transitory  break-down  from  line  to  earth.  Theoretically  a  system 
with  insulated  neutral  can  be  kept  in  service  with  an  earth  fault 
on  one  phase  but  there  are  serious  practical  disadvantages  in  such 
a  system  (§  351). 

The  general  import  of  the  various  British  regulations  on  this  subject  is  that, 
where  the  pressure  of  supply  between  the  conductors  of  a  system  of  mains  exceeds 
125  Y  the  neutral  point  at  the  generating  station,  sub-station,  or  transformer 
supplying  the  circuit  must  be  earthed  and  the  insulation  of  the  mains  must  be 
maintained  efficiently  at  all  other  points;  if  the  current  passing  through  the 
connection  to  earth  exceeds  1  / 1000  of  the  maximum  supply  current  of  the 
circuit,  the  insulation  of  the  latter  must  be  improved.  The  neutral  point  of  the 
star  winding  of  each  3-phaso  circuit  used  for  extra  high  pressure  (over  3000  V) 
may  be  connected  with  earth  (at  one  point  only,  viz.  the  station,  sub-station,  or 
transformer)  or  it  may  be  insulated.  If  connected  to  earth  through  a  resistance 
the  latter  must  bo  low  enough  to  ensure  that  the  main  fuse  or  circuit  breaker 
acts  in  the  event  of  an  earth  fault.  If  the  neutral  point  is  not  earthed  a  separate 
electrostatic  voltmeter  must  be  connected  between  each  distinct  circuit  and  earth, 
and  if  the  indications  of  the  voltmeters  show  the  insulation  of  any  of  the  circuits 
to  be  faulty  the  insulation  must  be  restored. 

355.  Low-voltage  and  Interruption  of  Supply.— The  incon¬ 
venience  and  financial  loss  (to  supplier  and  consumer)  occasioned 
by  interruption  of  supply  must  be  avoided  as  far  as  possible  by 
securing  safety  and  reliability  in  all  parts  of  the  supply  system 
and  by  isolating  faulty  sections  before  the  damage  has  time  to 
spread  (§  357).  Abnormally  low  voltage  of  supply  is  naturally 
associated  with  some  radical  defect  in  the  supply  equipment  or 
its  conditions  of  operation ;  also,  supply  at  low  voltage  cannot  be 
utilised  efficiently  *  or,  in  some  cases,  with  safety,  f  For  both 
of  these  reasons  it  is  necessary  to  interrupt  the  supply  if  the 
voltage  becomes  abnormally  low  (say  50  %  of  normal).  The  in¬ 
terruption  is  generally  effected  at  the  main  switch  of  the  circuit 
concerned  so  that  when  the  voltage  again  becomes  normal,  or 
when  supply  is  resumed  after  interruption  from  any  other  cause, 
full  voltage  may  not  inadvertently  be  applied  abruptly  to 
apparatus  which  was  in  service  when  the  supply  failed. 

The  ‘  no-volt 1  or  ‘  low-voltage  ’  release  for  a  circuit  breaker 
consists  of  a  pressure-wound  ( i.e .  shunt)  solenoid  which  holds 

*Even  5  °/0  less  than  rated  voltage  involves  15-20  °/0  reduction  in  the 
candle  power  of  tungsten  filament  lamps. 

+  At  reduced  supply  voltage  motors  require  a  heavier  current  to  drive  a  given 
load;  overheating  then  occurs.  If  the  drop  in  voltage  is  sufficient  to  cause  the 
motor  to  stop,  the  machine  then  short  circuits  the  mains, 
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open  a  switch  in  the  trip  circuit  as  long  as  the  supply  voltage 
exceeds,  say,  50  °/o  of  normal.  Directly  the  voltage  drops  below 
the  predetermined  limit,  the  solenoid  releases  the  tripping  switch 
and  the  circuit  breaker  is  opened.  In  the  case  of  motors  used  in 
conjunction  with  starters  (Chapter  29)  the  low-voltage  device  is 
arranged  to  hold  the  starter  ‘  on  ’  until  the  voltage  becomes  dan¬ 
gerously  low,  and  then  to  allow  the  starter  to  be  returned  to  the 
‘  off’  position  by  a  spring  so  that  the  motor  has  to  be  re-started 
in  the  regular  manner  when  supply  is  resumed. 

A  definite  air  gap  is  needed  in  the  magnetic  circuit  of  low- 
voltage  releases  to  ensure  that  residual  magnetism  does  not  hold 
the  device  4  on  ’  after  the  voltage  has  fallen  below  the  prescribed 
limit.  It  is  common  to  specify  that  a  low-voltage  device  shall 
not  hold,  when  switching  in,  if  the  voltage  is  lower  than  80  °/c  of 
normal  and  that  it  shall  release,  in  service,  if  the  voltage  falls  to 
50  °/e  of  normal.  In  variable-speed  motors  where  the  field  current 
varies  within  wide  limits  the  low-voltage  release  may  have  to  be 
connected  across  the  mains  (instead  of  in  series  with  the  field 
windings)  in  order  that  it  may  not  open  at  the  lower  values  of 
field  current. 

If  the  supply  pressure  exceeds  600  V,  the  low- voltage  solenoid 
is  generally  supplied  through  a  potential  transformer. 

Interlocks  of  various  descriptions  are  used  to  prevent  switches 
from  being  closed  whilst  workmen  have  access  to  parts  which 
would  then  become  live  (§  373). 

356.  Fire  Risk. — The  fire  risk  from  the  wiring,  switchgear, 
and  accessories  of  a  domestic  lighting,  heating,  or  power  installa¬ 
tion  is  negligible  provided  that  the  whole  of  the  equipment  is  by 
reputable  makers  and  is  installed  in  accordance  with  the  Wiring 
Rules  of  the  I.E.E.  (London),  or  the  corresponding  rules  of  similar 
bodies  in  other  countries.  Similarly,  the  Home  Office  Regulations 
for  the  use  of  electricity  in  factories,  workshops,  mines,  etc.,  take 
into  consideration  the  special  conditions  of  these  services  and 
compliance  with  these  Regulations  eliminates  practically  every 
risk.  Fire  arising  from  a  wiring  installation  or  its  accessories 
can  only  be  due  to  overheating,  leakage,  or  open  arcing  or  spark- 
ing;  against  all  of  these  contingencies  suitable  provision  is  laid 
down  by  the  rules  and  regulations  mentioned.  Even  a  4  dead 
short  *  between  the  conductors  of  a  multicore  cable  in  an  explosive 
atmosphere  is  unlikely  to  cause  fire  or  explosion  if  the  circuit  is 
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provided  with  proper  protective  devices,  because  the  latter  isolate 
the  faulty  section  before  the  arc  can  penetrate  the  outer  insulation 
of  the  cable. 

The  main  fire  risk  in  a  modern  electrical  installation  is  prob¬ 
ably  in  the  oil  switches  and  generators.  In  the  past  a  number 
of  disastrous  switchboard  fires  have  been  started  by  oil  switches 
being  unable  to  interrupt  safely  the  enormous  amount  of  power 
flowing  through  them  under  short-circuit  conditions.  This 
danger  has  been  reduced  by  increasing  the  4  breaking  capacity  ’ 
(§  371)  of  oil  switches:  and  the  risk  of  any  general  conflagration 
is  further  reduced  by  the  provision  of  vent  pipes  which  carry  oil 
vapour  away  to  the  open  air;  by  the  use  of  4  explosion  proof’ 
switch  tanks ;  and  by  the  use  sometimes  (§  378)  of  a  switchboard 
construction  in  which  each  switch  is  in  a  separate  fireproof  com¬ 
partment,  the  latter  having  a  drain  for  the  removal  of  oil,  should 
any  escape.  It  has  been  proposed  to  fill  any  switch  or  transformer 
compartment,  in  which  fire  may  break  out,  with  carbon  dioxide ; 
this  can  be  done  automatically,  but  it  is  doubtful  whether  such 
equipment  is  necessary  or,  on  other  grounds,  desirable. 

In  the  event  of  arcing  within  the  windings  of  a,  generator, 
due  to  break-down  of  insulation,  there  is  a  great  danger  of  the 
fire  being  fanned  and  spread  by  the  blast  of  air  blown  through 
the  machine  for  ventilation  (§  146).  This  danger  may  be  reduced 
by  the  provision,  in  the  outgoing  air  ducts,  of  fusible  links  which 
release  dampers  cutting  off  the  air  supply  if  the  temperature  of 
the  outgoing  air  becomes  so  high  as  to  indicate  fire.  Probably  a 
more  reliable  arrangement  is  to  arrange  that  the  electrical  pro¬ 
tective  gear,  which  cuts  the  generator  out  of  circuit  in  the  event 
of  break-down,  also  cuts  off  the  air  supply.  At  the  Gennevilliers 
(Paris)  station  the  generators  are  ventilated  by  air  which  is 
circulated  in  a  closed  circuit.  This  avoids  carrying  dust  into  the 
windings.  A  refrigerating  plant  is  placed  at  one  point  in  the  air 
circuit,  and  the  air  is  charged  with  nitrogen  to  such  an  extent 
that  it  will  not  support  combustion. 

To  eliminate  the  risk  of  overheating  and  fire  which  would 
result  from  failure  in  the  supply  of  cooling  air  (or  water  or  oil) 
to  a  machine,  etc.,  dependent  upon  forced  cooling,  automatic 
devices  should  be  used  to  give  an  alarm  and  shut  down  the  plant 
in  that  event. 

357.  Selective  Protection. — In  distribution  networks  where 
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large  amounts  of  power  are  transmitted  through  interconnected 
cables  it  is  imperative  that  a  faulty  machine  or  circuit  should  be 
isolated  promptly  from  the  remainder  of  the  system  in  order  that 
sound  parts  of  the  system  may  not  be  affected  by  currents  flowing 
to  the  fault.  The  greater  the  degree  of  subdivision  of  the  system, 
the  smaller  is  the  area  affected  by  isolation  of  a  faulty  part.  On 
the  other  hand,  the  greater  the  extent  to  which  the  feeders  are 
interconnected  (so  as  to  form  a  network  with  alternative  lines  of 
supply  to  practically  every  point),  the  more  difficult  it  becomes  to 
isolate  a  faulty  section  promptly  and  with  absolute  discrimina¬ 
tion.  Overload  relays  with  graded  time  elements  (§  344)  offer 
one  means  of  opening  first  the  switch  nearest  to  the  fault,  but  if 
the  fault  can  also  be  fed  through  another  cable  connected  to  the 
first  beyond  the  point  of  break-down  it  is  obviously  necessary  to 
isolate  the  fault  by  opening  switches  on  both  sides  of  it.  This 
can  be  accomplished  by  reverse-power  relays  (§  358).  Alterna¬ 
tively,  each  section  of  the  network  can  be  protected  by  one  or 
other  of  the  special  systems  of  selective  protection  described  in 
§  359;  these  systems  all  operate  on  the  general  principle  of 
comparing  the  conditions  at  the  two  ends  of  the  portion  of  the 
circuit  which  they  protect;  in  this  way,  it  is  possible  to  discrim¬ 
inate  between  a  fault  in  the  section  protected  and  abnormalities 
due  to  load  fluctuations  or  to  a  fault  elsewhere  in  the  network 
which  will  be  cleared  by  other  protective  gear. 

358.  Reverse  Current  and  Reverse-power  Relays. — The 
simplest  type  of  reverse-current  switch  is  the  reverse-current 
4  cut-out 5  sometimes  inserted  in  battery-charging  circuits  to  open 
the  latter  should  the  direction  of  current  be  opposite  to  that  which 
is  required  for  charging.  A  reverse-current  switch  or  relay  for 
a  D.C.  circuit  requires  only  a  current  coil  for  its  operation  and  it 
will  act  directly  the  current  reverses.  In  an  A.C.  circuit,  how¬ 
ever,  the  alternating  current  has  no  definite  direction  of  its  own ; 
the  actual  direction  of  the  current  reverses  in  each  ‘  cycle, ’  and 
‘  reversal 5  of  an  alternating  current  in  the  sense  here  considered 
can  only  be  defined  in  terms  of  the  relation  between  the  current 
and  voltage  waves.  An  alternating  current  is  said  to  be  reversed 
when  the  relative  directions  of  current  and  voltage  are  reversed. 
To  determine  when  this  is  the  case  it  is  necessary  to  employ  a 
device  operated  by  both  current  and  voltage,  i.e.  one  which  dis¬ 
criminates  between  forward  and  reverse  power.  The  simplest 
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form  of  reverse-power  relay  for  A.C.  working  comprises  pressure 
(shunt)  and  current  (series)  windings  which  normally  oppose  each 
other;  if  the  current  ‘reverses,’  the  two  windings  co-operate  to 
close  a  trip  circuit.  Alternatively  the  windings  may  be  arranged 
normally  to  assist  each  other  ;  when  the  current  is  reversed  an 
armature  is  released  and  the  trip  circuit  is  closed.  The  type  of 
relay  in  which  the  pressure  and  current  elements  are  normally  in 
opposition  is  preferable  for  A.C.  working. 

It  is  obvious  that  either  a  dynamometer-type  or  induction- 
type  wattmeter  (§  109)  can  be  used  as  a  reverse-power  relay,  the 
movement  of  the  instrument  being  fitted  with  a  contact  maker 
in  the  trip  circuit,  instead  of  with  a  pointer.  The  connections 
are  such  that  so  long  as  the  power  is  ‘  forward  *  the  relay  contacts 
are  held  open,  but  when  the  power  reverses  they  are  closed.  The 
induction-type  relay  may  operate  the  trip  contacts  through  a 
cord  wound  round  the  spindle  of  the  induction-disc;  this  provides 
a  time  element  (§  344)  and  prevents  the  main  circuit  from  being 
opened  by  momentary  reversal  of  power. 

Reverse-power  relays  are  used  to  prevent  alternators  or  trans¬ 
formers  from  being  fed  by  the  bus  bars  or  circuits  to  which  they 
should  supply  power;  also,  to  prevent  a  feeder-fault  from  being  sup¬ 
plied  through  a  feeder  connected  in  parallel  with  the  defective  one. 
These  relays  cannot  be  used  on  interconnector  cables  which  may, 
in  normal  service,  have  to  carry  power  in  either  direction  between 
two  stations.  If  the  main  voltage  becomes  very  low,  as  it  may 
do  on  heavy  faults,  there  is  a  risk  that  the  reverse-power  relay 
will  not  operate ;  and,  in  the  past,  some  reverse-power  relays  have 
operated  on  forward  power  at  very  low  power  factor.  Modem 
wattmeter-type  reverse-power  relays  can  be  relied  upon  not  to 
operate  on  forward  power  under  any  circumstances,  and  to  operate 
on  reverse  power  at  pressures  down  to  10  %  of  normal  voltage. 
For  complete  protection  two  relays  are  needed  in  a  3 -phase  system 
with  insulated  neutral,  and  three  relays  if  the  neutral  be  earthed. 

359.  Selective  Protection  Systems. — The  principal  systems 
of  selective  protection  for  feeders,  generators,  and  transformers 
are  described  below  and  their  general  characteristics  are  indicated. 
The  automatic  protection  of  electrical  networks  and  apparatus  is 
a  specialised  branch  of  engineering  with  an  extensive  literature 
of  its  own,  but  it  is  desirable  that  every  electrical  engineer  should 
be  familiar  with  the  main  principles  of  the  subject 
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The  ‘pilot’  wires  used  in  some  protective  systems  have  only 
to  carry  weak,  low-voltage  current  for  the  operation  of  relays ; 
they  are  therefore  of  small  cross-section  and  have  relatively  lig 
insulation.  The  pilot  circuit  in  the  Merz-Pnce  balanced  voltage 
system  of  protection  as  applied  to  a  3-phase  fee  er,  genera  y  con 
gists  of  a  three-core  7  /  029  low  pressure  cable ;  provided  that  the 
pilot  cable  is  connected  to  current  transformers  at  each  end  of  the 
feeder,  as  in  Fig.  62,  it  need  not  be  laid  along  the  same  route  as  the 
feeder!  ‘Sheathed’  pilot  cables  are  virtually  three-core  concen¬ 
tric  cables,  each  pilot  wire  being  provided,  outside  its  main  insul¬ 
ation,  with  a  thin  metallic  sheath  for  reasons  explained  at  (c) 
below ;  the  sheaths  are  insulated  from  each  other  by  a  light  ex¬ 
ternal  covering.  .  ,  ,  , 

The  construction  of  split-conductor  cables,  m  which  each  of  the 
halves  of  the  main  conductor  acts  as  pilot  wire  to  the  other  half, 


Fig.  62.— Merz-Price  balanced  voltage  system  for  feeder  protection. 

for  one  phase  only.) 


(Connections 


is  illustrated  in  Figs.  66,  67  (Sec.  (d)  below).  The  insulat'on  re¬ 
quired  between  the  two  ‘  splits  ’  of  each  phase  is  only  that  needed 
to  withstand  the  P.D.  existing  between  the  splits  under  fault  con¬ 
ditions.  Normally,  the  halves  of  a  split-conductor  cany  equal 
currents  and  there  is  no  P.D.  between  them  and  any  cross-section 
of  the  cable. 

(a)  Merz-Price  Balaiiced  Voltage  System. — This  system  is  usod  for  the  pro¬ 
tection  of  feeders  and  depends  upon  the  balancing  of  E.M.F.’s  induced  in  current 
transformers  placed  at  each  end  of  the  feeder  and  connected  by  *  pilot  ’  wires. 
Fig.  62  shows  the  connections  for  one  phase  only,  for  simplicity.  The  secondaries 
of  the  current  transformers  AB  are  connected  in  opposition  so  that,  normally,  no 
current  flows  through  the  relays,  RR.  On  the  occurrence  of  any  fault  in  the 
feeder,  the  main  current  at  B  no  longer  equals  that  at  A,  hence  current  flows  in 
the  relay  circuit  and  the  switches  SS  are  tripped  by  TT,  completely  isolating  the 
defective  feeder.  The  direction  of  the  main  current  is  immaterial  hence  the 
system  is  applicable  to  ring  mains.  It  is  essential  that  the  transformers  AB 
should  balance  at  all  loads  as  long  as  the  feeder  is  sound  and,  in  order  that  the 
current-voltage  characteristic  may  be  linear  the  transformers  have  air  gaps  in 
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their  magnetic  circuits.  Owing  to  the  electrostatic  capacity  of  the  pilot  wires  and 
the  high  P.D.  between  them  when  the  feeder  current  is  heavy,  there  is  then  a 
considerable  capacity  (condenser)  current  flowing  through  the  pilot  wires.  This 
may  operate  the  relays  unnecessarily  unless  their  setting  is  relatively  insensitive. 
The  difficulty  is  overcome  by  the  use  of  sheathed  pilot  wires  (see  ( c )  below). 

(b)  Merz-Pricc  Circulating  Current  System. — This  system,  which  is  used  for 
the  protection  of  alternators  and  transformers,  is  shown  in  Fig.  63  as  applied  to 
a  3-phase  alternator  G .  Current  transformers  are  placed  at  A  between  tho 
alternator  phases  and  the  neutral  point  JSf,  and  at  B  between  the  alternator  and 
the  main  switch  S.  The  current  transformer  secondaries  are  connected  in  series 
with  compensating  resistances  r.  During  normal  operation  a  current  of  about 
5  A  circulates  through  the  secondaries  of  the  current  transformers  and  the  pilot 
wires,  but  there  is  no  current  through  the  relay  coils  connected  between  the  pilot 
wires  and  the  neutral.  On  the  occurrence  of  a  fault  the  current  balance  in  the 
pilot  wires  is  disturbed,  the  relays  It  are  operated,  and  the  trip  coil  T  opens  tho 
main  switch  S. 


Fig.  63. — Merz-Prico  balanced  current  system  for  generator  protection. 


Ordinary  instrument  transformers  are  used,  without  air  gap  in  the  magnetic 
circuit.  If  the  system  be  applied  to  the  protection  of,  say,  a  6  600  /  440  V,  delta  / 
star  transformer,  with  a  10  : 1  star-connected  instrument  transformer  on  the  high- 
voltage  side,  the  low- voltage  instrument  transformer  would  be  delta-connected, 
and  its  ratio  would  be  (10  /  1)  x  (6  600  f  440)  x  JS  =  260  : 1. 

This  system  of  protection  is  more  sensitive  and  stable  than  the  balanced- 
voltage  system,  but  it  is  inapplicable  to  feeders  because  the  resistance  of  the  pilot 
wires  would  then  be  prohibitively  high.  The  current  in  the  pilot  wires  is  pro¬ 
portional  to  the  main  current},  hence  fuses  in  the  former  provide  overload  protec¬ 
tion. 

(c)  Beard-Hunter  Sheathed-pilot  System. — This  system  is  identical  with  the 
Merz-Price  balanced  voltage  system  (Fig.  62)  except  that  the  capacity  current 
trouble  mentioned  at  (a)  above  is  eliminated  by  providing  each  pilot  wire  with  a 
sheath  lt  m  (Fig.  64).  The  sheaths  are  interrupted  at  the  centre  as  shown,  and 
from  a  study  of  the  connections  in  Fig.  64  it  will  be  seen  that  the  capacity  currents 
no  longer  pass  through  the  relay  windings,  hence  the  relays  may  be  set  more 
sensitively  thap  ip  the  M^z-Price  system. 
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(d)  Merz-Hunter  Split-conductor  System. — Referring  to  Fig.  65,  there  are  used, 
in  each  phase  of  the  line,  two  conductors  of  equal  electrical  resistance  connected  in 
parallel  at  each  end  of  the  length  to  be  protected,  but  otherwise  insulated  from  each 
other.  Under  normal  conditions,  the.total  current  in  each  phase  is  divided  equally 
between  the  pair  of  conductors,  but  when  a  fault  occurs  this  balance  is  disturbed. 


Fig.  64.— Beard -Hunter  sheathed-pilot  system  for  feeder  protection. 


The  two  conductors  of  each  phase  are  wound  in  opposite  directions  on  current 
transformers  at  A,  and  so  also  at  B.  Under  normal  conditions,  no  current  flows 
through  the  trip  relays  B,  but  directly  the  current  balance  in  the  ‘  split  conductors  * 
is  disturbed,  the  relays  R  operate  at  both  ends  of  the  section  and  the  trip  coils  T 
open  the  switches  S.  No  pilot  wires  are  required,  but  the  main  cables  must  be 


Fig.  65. — Merz-Hunter  split-conductor  system  for  feeder  protection. 


specially  constructed  on  the  split-conductor  principle.  A  cable  with  six  electrically 
identical  cores  (Fig.  66)  may  be  used  with  two  cores  in  parallel  for  each  phase,  or 
each  phase  may  be  served  by  two  concentric  cores  (Fig.  67)  *  in  which  case  the 
inner  and  outer  must  be  transposed  at  intervals  to  maintain  equal  impedance  in 
both  halves  of  the  split  conductor. 

*  The  overall  diameter  may  be  reduced  by  using  concentric  elliptical  coyes, 
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This  protective  system  can  be  set  for  very  low  fault  currents  without  risking 
disconnection  of  sound  feeders.  It  will  be  seen  that  the  ‘  split  ’  is  continued 
through  the  switches  S  at  each  end ;  this  is  to  ensure  that  when  one  set  of  switches 
S'  is  opened,  the  other  set  also  opens.  If  the  splits  were  joined  at  LM  and  PQ ,  a 
fault  at  X  (near  the  end  of  the  cable)  would  cause  the  switch  S'  to  open,  but  the 
impedance  of  the  paths  LPQX  and  MX  would  be  so  nearly  equal  that  the  switch 


Fig.  66. — Six-core  cable  for  3-phase  Fig.  67. — Three-core  concentric  split- 
split-conductor  system.  conductor  cable. 

S  would  probably  remain  closed.  With  the  split  continued  through  the  switches, 
current  can  only  flow  along  MX  after  S'  has  opened,  hence  A  is  unbalanced  and  S 
also  opens. 

The  split-conductor  system  is  hardly  suitable  for  pressures  exceeding  20  000  V 
because  the  size  of  the  individual  cores  is  small  (for  the  amount  of  power  which  it 
is  desirable  to  transmit  by  a  single  feeder)  and  the  stress  on  the  insulation  is  there¬ 
fore  severe  (§  288). 


(e)  Hunter  Four-core  Pilotless  System.— This  system  is  a  combination  of  the 
Merz-Price  balanced  voltage  and  the  split-conductor  systems.  One  phase  (II  in 
Fig.  68)  is  protected  on  the  split-conductor  system  whilst  the  other  phases  are 
protected  on  the  Merz-Price  system,  using  the  splits  of  phase  II  instead  of  pilot 
wires.  Any  fault  on  phase  II  causes  the  transformers  C,  D  to  be  excited  and  the 
switches  S  to  be  tripped.  On  the  balancing  transformers  A,  B  the  phases  I  and 
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To  Tripping  Re/ay 


III  are  in  opposition  to  the  splits  of  phase  II,  and  are  also  in  opposition  to  each 
other.  Normally,  A  and  B  produce  equal  and  opposite  E.M.F.’s  in  the  splits  as 
shown  by  the  arrows,  but  in  the  event  of  any  fault  on  I  or  III,  this  balance  is  dis¬ 
turbed,  a  circulating  current  flows  round  the  splits  of  phase  II,  and  the  transformers 
C,  D  cause  the  switches  S  to  be  tripped. 

(/)  Beard  Self -balance  System. — The  application  of  this  system  to  alternator 
protection  is  shown  in  Fig.  69.  The  line  and  neutral  connections  of  each  phase 
winding  are  taken  through  a  transformer  which  is  connected  to  the  tripping  re¬ 
lay.  In  the  event  of  a  fault  to  earth  or 
between  phases  the  incoming  and  outgoing 
currents  are  no  longer  equal,  the  trans¬ 
former  T  is  excited,  and  the  relay  is 
operated.  If  the  neutral  leads  be  carried 
to  the  switchboard  (the  neutral  connection 
and  the  transformers  T  being  then  at  the 
switchboard),  this  system  protects  against 
faults  in  the  cables  between  generator  and 
switchboard,  as  well  as  in  the  generator 
itself. 

(g)  McGoll  Biassed-Relay  System. — Referring  to  Fig.  70,  current  transformers 
CT  are  installed  at  each  end.  of  the  feeder,  and  each  transformer  is  connected  to 
two  circuits  in  parallel,  one  of  these  being  dotted  in  Fig.  70  for  the  sake  of  clear¬ 
ness.  The  pilot  wires  form  one  branch  from  the  secondary  of  each  transformer, 
and  the  other  branch  (dotted  in  the  figure)  is  formed  by  the  operating  coil  0  of  a 
differential  relay  and  a  resistance  r,  which  is  adjusted  so  that  this  circuit  is  of 
the  same  resistance  as  one  of  the  pilot  wires.  The  restraining  coils  R  of  the 
relays  are  connected  one  in  series  with  each  pilot  wire.  The  fulcrums  of  the 
beams  carrying  the  relay  plungers  are  nearer  the  operating  coils  than  the  restrain- 


Fig.  69. — Beard  self -balance  system. 
(Connections  for  one  phase  only.) 


Fig.  70. — McColl  biassed-relay  system  applied  to  a  feeder.  (Connections  for  one 

phase  only.) 

ing  coils,  hence  the  latter  exert  the  greater  moment  (with  equal  currents  in  0 
and  R)  and  the  relay  has  a  bias  to  hold  open  the  trip  contracts  T. 

So  long  as  the  feeder  is  sound,  the  current  transformers  at  each  end  deliver 
equal  currents,  and  the  currents  in  the  operating  and  restraining  coils  of  each  re¬ 
lay  aro  equal,  hence  the  beam  is  held  down  by  R  and  the  trip  contacts  remain 
open.  If  a  fault  occurs  in  the  feeder,  the  secondary  current  delivered  by  the 
transformer  CT  —  1  is  greater  than  that  delivered  by  CT  -  2,  the  difference  be¬ 
tween  these  currents  dividing  between  the  duplicate  circuit  (dotted)  at  the  left- 
hand  station,  and  the  duplicate  circuit  at  the  right-hand  station.  Since  the  latter 
circuit  is,  with  regard  to  CT  —  1,  in  series  with  both  pilot  wires,  the  total  resist* 
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^Uis  path  is  three  times  that  of  the  duplicate  circuit  at  the  left-hand 
1:1  *  As  a  consequence,  75  0/o  of  the  excess  current  flows  through  the  operating 

relay  in  the  supply  station,  and  the  trip  contacts  T  are  closed  if  the 
pull  now  obtained  at  0  is  sufficient  to  overcome  the  initial  bias  of  the 
^he  action  of  the  relay  depends  entirely  upon  the  relative  magnitude  of 
lxrretxts  in  its  two  windings  regardless  of  the  actual  value  of  the  main  current, 
kly  tVie  trip  contacts  T  are  closed,  the  oil  switch  S  is  opened  in  the  usual 
"ktie  trip  circuits  themselves  are  not  shown  in  Fig.  70. 

>u^ing  normal  operation,  current  circulates  continuously  through  the  pilot 
-  If  the  latter  be  broken  accidentally,  the  whole  output  of  each  current 
Eoruxxei:  ig  diverted  through  the  operating  coil  of  its  relay  and  the  trip  circuit 
se<3..  if  a  fuse  jr  k0  inserted  in  the  pilot  circuit,  this  melts  in  event  of  sus- 
3.  •  overload,  and  by  opening  the  pilot  circuit  causes  the  relays  to  operate. 
>clUlpment  then  gives  protection  against  overload  as  well  as  against  faults  in 
3eder, 

Br  itish  Thorns on-Houston  Biassed  Transformer  System. — In  this  system 
*  e  of  a  special  transformer,  which  is  illustrated  diagrammatically  in  Fig. 

*3? lie  ‘  operating  ’  coil  AA  produces  a  flux  as  shown  by  the  solid  lines  and  this 


C  C 

71.  — Illustrating  the  Fig.  72.—  B.T.H.  biassed  transformer  system 
irxoiple  of  the  biassed  applied  to  a  single-phase  feeder, 

tiisformer. 

ce8  a,n  E.M.F.  in  the  secondary  winding  CC  w^ich  is  connected  to  the  trip 
)T  (not  shown).  The  ‘  restraining  ’  or  *  biassing  ’  winding  BB  produces  a  flux 
own  by  the  dotted  line  ;  this  has  no  direct  effect  upon  the  winding  CC ,  hut 
ticreasing  the  flux  density  in  the  iron  which  it  traverses,  the  biassing  flux 
fcB  the  ratio  of  transformation  between  the  windings  A  and  C. 

X^ig.  72  represents  the  application  of  the  system  to  the  protection  of  a  single- 
o  feeder.  The  general  principle  of  the  protection  is  the  same  as  in  the  Merz- 
3  balanced  voltage  system  (Fig.  62)  except  that  the  trip  relay  is  served  by  the 
s  former  AC  instead  of  being  connected  directly  in  the  pilot  circuit.  The 
rxotive  feature  of  the  system  here  described  is  the  addition  of  the  biassing  coils 
wb.ioli  are  connected  across  the  secondary  terminals  of  the  current  trans- 
tors  7777,  and  therefore  carry  a  current  the  magnitude  of  which’ varies  with  the 
□l  oixrrent.  As  already  explained,  the  ratio  of  the  transformer  AC  depends 
ol  tire  value  of  the  current  in  the  biassing  coil  B,  hence  the  sensitivity  of  the 
bi nation  is  greater,  the  lower  the  load  on  the  feeder.  The  amount  of  restraint 
1  ©eligible  up  to  full  load  on  the  feeder  but,  under  overload  conditions,  the 
sing  transformer  prevents  the  relay  from  being  operated  by:  (i)  Capacity 
ents  in  the  pilot  wires  of  a  sound  feeder ;  or  (ii)  currents  in  the  pilot  wires 
to  imperfect  balancing  of  the  transformers  TT . 

Xn  a*  3-phase  system  this  method  of  protection  can  be  used  in  conjunction 
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with  separate  *  earth  relays  *  and  ‘line-fault  relays;’  and  the  former  can  be  set 
for  maximum  sensitivity  because  they  are  not  affected  by  the  heavy  currents 
which  flow  through  the  line-fault  relays  when  a  sound  feeder  is  carrying  short- 
circuit  currents  to  a  fault  beyond.  For  further  information  see  EL  Rev.,  Vol.  90, 
p.  928. 

( i )  Ferranti-Hawkins  Gore -balanced  System. — This  may  be  described  as  a 
combination  of  the  Merz-Price  and  the  Ferranti-Field  (§  352)  systems.  Selective 
protection  is  obtained,  but  against  earth  faults  only  (which,  in  practice,  always 


* 


Fig.  73.— Ferranti-Hawkins  core-balance  system  of  protection  against  earth  faults. 

accompany  faults  between  phases  on  feeders).  A  ring-type  transformer  surrounds 
the  3-phase  cable  at.  each  end  (AB,  Fig.  73)  and,  as  long  as  the  cable  is  sound,  the 
currents  in  the  3-phases  (whether  balanced  or  not)  produce  no  field  in  the  trans¬ 
former  cores.  Directly  an  earth  fault  occurs,  the  vector  sum  of  the  currents  in 
the  cable  is  no  longer  zero,  the  relays  R  are  excited  and  the  main  switches  are 
tripped. 

(j)  Bowden-Thompson  Sheathed  Cable  System. — The  main  cables  used  in  this 
system  are  provided  with  thin  metallic  sheaths  between  and  insulated  from  the 
cores,  and  between  the  cores  and  the  lead  sheath.  Thus,  in  Fig.  74,  L  represents 

the  sheath  between  cores,  and  M 
S  f -  that  between  the  cores  and  the 

3J  V  lead  sheathing.  Any  fault  between 

T  f  the  cores  necessarily  reaches  the 

§1  *  sheath  L  before  the  main  cores  are 

—  affected;  the  current  which  then 

gj  flows  through  the  transformer  B 

- to  earth  excites  the  relay  R  and 

causes  T  to  trip  the  main  switch  S. 

Pig.  74. — Bowden-Thompson  sheathed  cable  incipient  earth  fault  reaches  the 

system.  sheath  M  and  trips  the  main  switch 

in  the  same  way  before  the  fault 
reaches  the  lead  sheath.  If  the  cable  be  damaged  from  outside,  the  sheath  M  is 
earthed  before  the  main  core  and,  since  M  is  maintained  at  a  potential  different  from 
that  of  earth  (by  the  transformer  C ),  a  current  now  flows  through  B  and  the 
switch  is  tripped  as  before. 

Other  systems  have  been  devised  for  the  automatic  selective 
protection  of  A.C.  circuits  and  apparatus,  and  there  are  many 
modifications  of  the  systems  described  above,  but  the  notes  here 
given  cover  the  main  principles  of  the  art.  The  relative  merits 
of  the  various  systems  of  protection  is  a  subject  beyond  the  scope 
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CHAPTEB  16. 


SWITCHGEAR  AND  SWITCHBOARDS. 

361.  Functions  of  Switchgear  and  Switchboards. — The 

general  purpose  of  ‘  switchgear  ’  is  to  make  and  break  circuits,  thus 
controlling  the  operation  of  electrical  apparatus;  and  the  term 
‘switchboard’  is  generally  applied  to  the  group  of  switches, 
measuring  instruments,  and  indicating  devices  which  are  used  for 
the  control  of  a  particular  circuit  or  an  extensive  network  as  the 
case  may  be.  When  the  circuit  is  ‘made/  the  switchgear  must  be 
capable  of  carrying  safely  the  current  which  flows,  hut  as  regards 
breaking  the  circuit,  it  is  necessary  to  discriminate  between :  (a) 
‘isolating  switches  ’  (§  362)  which  are  suitable  only  for  isolating  a 
circuit  after  the  current  flow  has  been  interrupted  by  other  means ; 
( b )  non-automatic  ‘  switches’  (§§  363-367,  374),  which  are  suitable 
for  breaking  a  load  current ;  and  ( c )  automatic  ‘  circuit  breakers  ’ 
(§§  365,  367),  which  are  capable  of  interrupting  abnormally  heavy 
currents  such  as  those  flowing  to  a  short  circuit  (§§  339,  370). 
(Note. — Switching  in  lighting  and  other  domestic  installations  is 
discussed  in  Chapters  21,  22 ;  and  motor  control  is  dealt  with  in 
Chapter  29.) 

362.  Isolating  Switches. — These  switches,  which  are  not 
suitable  for  breaking  a  load  current,  are  used  to  isolate  high-tension 
apparatus  from  the  rest  of  the  circuit  and  to  sectionalise  high- 
tension  circuits.  For  example,  an  isolating  switch  is  generally 
provided  between  an  oil  switch  and  the  bus  bars,  and  on  the 
other  side  of  the  oil  switch  as  well  if  the  latter  controls  ring 
mains.*  By  opening  the  isolating  switch  (or  switches)  the  oil 
switch  can  be  made  completely  ‘dead’  and  therefore  safe  for 
access  to  all  its  parts.  The  isolating  switch  consists  of  one  or 
several  copper  blades  which  engage  with  spring  contact  clips 


*  Sometimes  an  isolating  switch  is  provided  between  the  generator  and  the  main 
oil-circuit  breaker  but  this  is  unusual,  for  it  is  generally  expected  that  the  circuit 
breaker  can  be  attended  to  when  tlj.§  generator  is  shut  down. 


McColl  Biassed  Relays. 


The  relays  shown  form  part  of  the 
protective  gear  in  a  large  British  power 
house  and  are  connected  to  a  15-mile, 
33  000  Y  feeder.  The  biassed  relay  oper¬ 
ates  when  the  fault  bears  a  definite  relation 
to  the  load  on  the  circuit. 


General  Electric  Co..  Ltd.  [London). 


Everett ,  Edt/nrmbe  c0  Co.,  Ltd. 
Current  and  Potential  Transformers. 


The  current  transformer  (left)  is  suitable  for  use  on  a 
12  000  V  system.  The  straight-through  primary  prevents 
breakdown  due  to  surges;  and  the  ring-type  core, without  joints, 
secures  constant  ratio  and  absence  of  phase  displacement  be¬ 
tween  primary  and  secondary  currents.  The  three-phase 
potential  transformer  (right)  is  for  a  0  600  V  system.  The 
primary  is  sectionalised  to  reduce  the  voltage  between  layers, 
and  the  whole  transformer  is  impregnated  with  insulating 
compound  to  exclude  dust  and  moisture.  For  higher  pressures 
potential  transformers  are  generally  oil-insulated. 

[To  face  p.  514. 


TT\  T.  Henley* s  Telegraph  Works  Co Ltd. 

Porcelain  Handle  with  Quick-Break  Isolating  Links. 

This  equipment  is  interchangeable  with  a  porcelain-grip  fuse  carrier, t  and  can  be 
used  to  disconnect  a  circuit  whilst  carrying  load.  It  serves  the  dual  function  of  isolatin  g 
link  and  knife  switch,  and  can  be  used  in  distribution  pillars  or  other  applications 
where  there  is  not  room  for  an  ordinary  knife  switch.  The  main  copper  link  has  an 
auxiliary  ‘  flicker  blade  ’  for  each  contact,  and  the  tension  on  the  springs  of  the 
flicker  blades  is  limited  by  a  stop. 


Dorman  d  Smith,  Ltd. 


Single  Pole  Multiway  Switch  with  Quick- Break  Action. 

This  switch  is  made  for  currents  from  50  to  300  A,  250  V,  and  with  2,  3,  4,  or  5 
‘  ways.’  Contact  jaws  are  provided  for  both  ends  of  the  multiple  copper  blades  so 
that  the  swivelling  hinge  portion  is  not  relied  upon  to  carry  current.  When  the 
T-hand.le  is  drawn  fully  ‘  off  ’  the  switch  can  be  turned  to  left  or  right  for  closing  on 
the  desired  ( way,’  without  touching  other  jaws  in  passing.  A  spring  poppet  registers 
the  blade  into  alignment. 
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mounted  on  Insulators.  The  circuit  leads  are  connected  to  the 
two  contact  clips  and  the  isolating  blade  or  link  is  withdrawn 
when  the  circuit  is  to  be  opened.  The  switch  blade  may  be 
pivoted  in  one  of  the  contact  pieces  or  at.  an  independent  fulcrum, 
and  it  is  operated  either  by  an  insulated  handle  on  the  blade 
or  by  an  insulated  pole  with  a  hook  which  engages  in  a  ring 
on  the  switch  blade.  The  conductors  to  and  from  an  isolating 
switch  should  he  as  nearly  as  possible  in  lino  with  the  switch 
blade  in  order  to  reduce  the  mechanical  force  which  tends  to 
o]M‘n  the  switch  under  short-circuit  conditions  (§  838).  If  the 
]M>\ver  operative  on  short  circuit  exceeds  15  000-20  000  kVA  the 
isolating  switchblade  should  be  hold  by  a  latch  or  bolt  which  must 
be  released  before  the  switch  can  be  opened.  Wherever  possible 
an  air- break  isolating  switch  should  be  interlocked  with  an  oil 
switch  so  that  the  former  can  only  be  opened  or  elosod  when  the 
oil  switch  is  in  the  ‘off’  position. 

Isolating  switches  of  modified  design  can  be  used,  when  neither 
making  nor  breaking  a  load  current,  as  'selector  ’  switches  to  pre¬ 
pare  for  the  closing  of  the  circuit  (by  a  switch  or  circuit  breaker) 
on  any  one  of  two  or  more  alternative  paths.  An  oil-immersed 
isolating  switch  can  be  used  to  interrupt  a  moderate  flow  of  power, 
as  when  Nationalising  bus  bars,  when  the  duty  of  the  switch  is 
rather  to  transfer  load  from  one  part  of  the  system  to  the  other 
than  to  interrupt  the  flow  completely ;  for  the  latter  purpose  a 
load-current  switch  or  circuit  breaker  must  bo  used 

363.  Knife  Switches.  —The  B.E.ft.  A.  Report,  No.  109,  defines 
a  knife  switch  as  one  in  which  the  moving  (dement  takes  the  form 
of  a  current-carrying  hinged  blade,  moving  in  its  own  plane,  and 
entering  or  embracing  the  circuit  contacts.  So  far  as  high-tension 
circuits  an*  concerned  such  a  switch  is  simply  an  isolating  switch 
and  is  not  mutable  for  o|mning  a  circuit  when  carrying  load  current. 
For  low-tension  circuits  the  knife  switch  may  bo  used  to  interrupt 
a  load  current,  but  in  order  to  reduce  the  damage  caused  by  arcing 
at  the  contacts  when  the  blade  is  withdrawn,  it  is  usual  to  provide 
a  •quick-break’  device.  This  generally  consists  of  an  auxiliary 
blade  pivoted  on  the  inner  edge  of  the  main  blade;  when  the 
latter  is  withdrawn  the  auxiliary  blade  is  held  for  a  time  by  the 
contact  dips,  and  the  pull  on  a  spring  between  the  main  and 
auxiliary  blades  increases  as  the  main  blade  is  moved  away.  At  a 
certain  stage  in  the  movement,  the  pull  on  the  auxiliary  blade 
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becomes  so  great  that  this  blade  leaves  the  contacts  ;  it  is  at  this 
moment  that  the  circuit  is  broken,  and  as  the  auxiliary  blade,  leaves 
the  contacts  at  high  speed  (whatever  the  speed  of  the  main  blade), 
there  is  very  little  destructive  arcing. 

The  inner  contact  may  be  at  the  hinge  of  the  blade,  but  by 
using  a  separate  pivot  block  (in  line  with  two  contacts  which  are 
used  only  as  contacts)  it  becomes  unnecessary  to  pass  current 
through  the  hinge,  and  the  further  advantage  of  a  double-break 
(§  368)  is  obtained.  For  very  heavy  currents  (up  to  15  000  A)  a 
number  of  switch  blades  are  mounted  on  a  common  spindle  and 
fitted  with  a  common  handle;  the  blades  are  interleaved  with  up¬ 
standing  plates  at  the  hinge,  and  when  the  switch  is  closed  the 
blades  penetrate  between  similar  plates  forming  the  fixed  contact; 
in  switches  of  this  type  for  3  000  A  or  heavier  current,  clamping 
holts  are  used  to  hold  the  blades  in  close  contact  with  the  contact 
plates.  In  the  blade  itself  the  current  density  may  he  800-1  000  A 
per  sq.  in.,  but  at  the  contacts  it  should  not  exceed  80-100  A  per 
sq.  in.  of  contact  surface  with  spring  clips.  If  the  contact  surfaces 
be  clamped  by  a  bolt,  the  current  density  is  usually  the  same  as 
for  rubbing  contacts  save  for  the  slight  increase  occasioned  by  the 
slot  which  is  necessary  in  order  that  the  holt  may  be  inserted  into 
the  contact. 

Multipole  knife  switches  consist  of  two  or  three  blades  insulated 
from  each  other,  but  coupled  mechanically  by  a  bridge  piece,  or 
mounted  on  a  square  shaft,  so  that  they  can  simultaneously  be 
moved  into  or  out  of  the  circuit  contacts  of  a  2-  or  3-wire  circuit. 
This  is  generally  the  most  convenient  way  of  ensuring  that  a 
circuit  is  completely  isolated  from  the  supply;  opening  a  switch 
in  one  wire  of  a  2-wire  circuit,  two  wires  of  a  3- wire  circuit, 
interrupts  the  flow  of  current,  hut  the  circuit  remains  ‘  live  ’  through 
the  switch  in  the  other  line. 

The  contact  blocks  of  knife  switches  may  be  provided  with 
lugs  for  the  'front  connection'  of  the  circuit  wires  or  they  may 
have  stems  which  go  through  the  base  or  panel  on  which  the 
switch  is  mounted  so  that  the  leads  may  be  attached  by  ‘  back 
connection.'  The  latter  arrangement  is  safer  and  is  generally  em¬ 
ployed.  In  knife  switches  with  multi-blade  contacts  it  is  usual 
for  the  plates  to  pass  through  the  panel  and  form  the  rear  con¬ 
nection  as  well  as  the  contact  connection.  This  avoids  joints  in 
the  fixed  contacts  and  enables  good  contact  to  he  obtained  between 
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the  strap  conductors  at  the  rear  and  the  terminal  of  the  knife 
switch.  The  use  of  screwed  studs  and  nuts  is  to  be  deprecated  for 
very  heavy  currents  and  the  strap  type  of  contact  is  generally  used 
for  circuits  of  1000  A  and  upwards. 

A  ‘  throw-over  5  knife  switch  is  provided  with  two  sets  of  cir¬ 
cuit  contacts  on  opposite  sides  of  the  blade  hinge.  If  the  hinge 
block  forms  one  of  the  circuit  terminals,  the  switch  can  only  be 
used  as  a  two-way  switch,  for  the  purpose  of  connecting  the  circuit 
at  the  hinges  to  either  of  the  two  circuits  which  terminate  at  the 
other  contacts.  If,  however,  each  blade  has  an  independent  pair 
of  circuit  contacts  on  each  side  of  the  hinge  (the  latter  not  carrying 
current),  the  switch  can  be  used  to  complete  either  one  of  two 
circuits  which  may  be  electrically  independent.  The  '  throw-over ’ 
knife  switch  is  often  useful  in  that  it  allows  either,  but  not  both, 
of  two  connections  to  be  effected  and  thus,  for  example,  prevents 
alternative  sources  of  supply  from  being  connected  simultaneously 
to  a  circuit.  In  its  ‘off’  position  a  throw-over  knife  switch  stands 
perpendicular  to  the  base  on  which  the  contact  blocks  are  mounted. 

The  common  'tumbler  5  switch  (Chapter  21)  as  used  in  house- 
lighting  branch  circuits  is  a  quick-break  knife  switch,  but  for 
mechanical  reasons  the  details  of  construction  differ  from  those  of 
the  knife  switches  used  for  heavier  currents.  A  spring-actuated 
quick-make  mechanism  is  sometimes  embodied  in  tumbler  and 
knife  switches  (in  addition  to  the  quick  break),  to  eliminate  the 
sparking  and  overheating  which  would  occur  if  the  switch  were 
closed  very  slowly. 

364.  Horn-Break  Air  Switches. — An  ordinary  air-break 
knife  switch  is  not  suitable  for  use  in  high-voltage  circuits,  and  is 
generally  limited  to  pressures  not  exceeding  660  V ;  but  if  such  a 
switch  be  used  in  conjunction  with  a  horn  gap  it  is  applicable  to 
switching  on  high-tension  overhead  lines.  One  terminal  of  the 
horn  gap  carries  one  of  the  circuit  contacts  of  the  knife  switch,  and 
the  blade  of  the  latter  is  carried  by  an  insulator  attached  to  the 
operating  mechanism.  The  switch  blade  carries  the  other  horn 
and  it  is  arranged  that  the  main  contacts  open  before  the  circuit 
is  -broken;  the  break  occurs  on  the  arcing  connections,  some 
distance  away  from  the  main  contacts,  and  the  arc  is  then  ex¬ 
tinguished  automatically  (§  346).  The  switch  is  operated  from 
ground  level  by  means  of  any  convenient  linkwork.  Prior 
to  the  introduction  of  oil  switches,  horn-break  air  switches  were 
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used,  on  high-tension  circuits  in  stations,  hut  they  are  now  used  only 
for  outdoor  service. 

365.  Air-Break  Circuit- Breakers. — Every  switch  breaks  a 
circuit  when  it  is  opened,  but  the  term  ‘  circuit-breaker  '  is  reserved 
for  mechanical  devices  which  break  (automatically  unless  otherwise 
specified)  a  circuit  under  abnormal  conditions.  These  conditions 
may  be  low  voltage,  reverse  power,  overload  or  a  combination  of 
these,  but  a  circuit  breaker  must  be  capable  of  interrupting  ex¬ 
cessive  current  without  injury,  whatever  the  other  conditions  of 
the  circuit.  It  is  therefore  necessary  to  make  arrangements  for  re¬ 
ducing  arcing  to  a  minimum,  both  in  degree  and  duration,  and  for 
preventing  the  main  contacts  from  being  damaged  by  such  arcing 
as  does  occur. 

In  this  type  of  switch  the  circuit  contacts  are  generally  heavy 
blocks  of  copper  mounted  on  a  slate  or  marble  base  from  which 
they  are  insulated  by  mica.  The  contact-making  element  is  a 
laminated  bridge  piece  built  up  from  springy  strips  of  phosphor- 
bronze  or  copper  with  a  steel  backing  strip  outside.  The  ends  of 
this  arched  bridge  piece  are  cut  at  such  an  angle  that,  when  the 
switch  is  closed,  the  strips  make  end-on  contact  with  the  fixed 
contact  blocks.  The  angle  between  the  plane  of  the  strips  and  the 
face  of  the  contact  blocks  is  about  45°,*  so  that  as  the  laminated 
‘  brush 5  is  pressed  on  to  the  contacts,  usually  under  considerable 
mechanical  pressure  exerted  by  a  toggle  mechanism,  there  is  a 
wiping  and  bedding  action  at  the  ends  of  the  strips.  The  main 
contacts  are  thus  ‘  self-cleaning  ’  and  the  resilience  of  the  laminated 
brush  makes  it  possible  to  obtain  good  contact  over  a  large  area,  as 
is  necessary  for  heavy  currents.  In  order  that  there  may  be  no 
deterioration  of  the  main  contact  surfaces  by  arcing,  the  moving 
system  carries  auxiliary  copper  contacts  (electrically  in  parallel  with 
the  main  contact  brush)  which  make  contact  before,  and  break 
contact  after,  the  main  brush.  The  moving  system  also  carries 
light  fingers  which  terminate  in  renewable  carbon  blocks ;  the 
latter  make  contact  with  similar  carbon  blocks  on  the  fixed  con¬ 
tacts  before,  and  break  contact  after,  the  auxiliary  copper  fingers. 
Thus,  referring  to  Fig.  75  {a),  when  the  circuit  breaker  opens,  the 


*  This  result  is  sometimes  obtained  by  using  a  brush  built  up  of  flat  strips,  cut 
away  at  about  45°  at  each  end,  and  bedding  on  contacts  with  inclined  faces  (c/.  the 
faces  of  a  mitred  joint  in  a  picture  frame). 
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Industrial  and  Flameproof  Ironclad  Switches. 

These  photographs  afford  an  interesting  comparison  between  an  ironclad  switch 
(on  the  left)  designed  for  general  factory  service  and  one  (on  the  right)  designed  for 
use  in  mines  or  other  places  where  the  atmosphere  may  be  explosive.  In  both  in¬ 
stances  the  switch  is  interlocked  with  the  case  so  that  the  latter  cannot  be  opened 
while  the  switch  is  closed,  neither  can  the  switch  be  closed  while  the  case  is  open. 
An  insulating  fireproof  arc  shield  and  barrier  over  the  contacts  eliminates  the  risk  of 
•short-circuiting  on  overload.  The  case  of  the  flameproof  switch  is  particularly  robust, 
and  the  wide  machined  flanges  of  the  joint  cool  the  gases  expelled  in  the  event  of  an 
internal  explosion,  thus  preventing  the  ignition  of  an  explosive  atmosphere  outside. 
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main  contacts,  A ,  open  first,  without  sparking  since  the  current  is 
simply  transferred  to  the  auxiliary  copper  fingers  ;  the  auxiliary 
copper  contacts,  B,  carry  the  load  on ly  for  a  small  fraction  of  a 
second,  and  before  they  have  time  to  become  dangerously  over¬ 
heated,  they  leave  the  fixed  contacts,  thus  transferring  the  load  to 
the  carbon  arcing  tips,  C.  The  actual  breaking  of  the  circuit 
occurs  as  the  moving  carbon  contacts  leave  the  stationary  ones. 
By  this  time  the  whole  moving  system  of  the  circuit  breaker  has 
acquired  considerable  speed,  hence  there  is  a  ‘  quick-break  ’  between 
the  carbon  tips.  Also,  carbon  is  a  ‘non-arcing  ’  material  (§  66)  and 
is  much  less  damaged  than  copper  tips  would  be ;  when  necessary, 
the  carbon  tips  can  be  easily  and  cheaply  renewed.  The  carbon 
tips  are  at  the  top  of  the  switch  so  that  the  rising  arc  can  damage 
no  other  part. 

Circuit  breakers  of  the  above  type  can  be  built  to  carry 
1CK)00  A  or  even  heavier  currents, 
and  are  used  extensively  in  D.C. 
and  A.C.  systems,  usually  for 
pressures  not  exceeding  660  V. 

Circuit  breakers  for  moderate 
currents  (up  to  250  A  or  so)  may 
have  simply  the  main  contacts 
and  carbon  arcing  tips,  and  the 
moving  contact  may  be  in  the 
form  of  a  wedge  -  shaped  bar 
which  engages  between  springy, 
tapered  circuit  contacts. 

In  some  cases  a  magnetic  blow-out  is  added  to  assist  in  ex¬ 
tinguishing  the  arc.  This  consists  of  a  powerful  electromagnet,* 
P,  Fig.  75  (6),  which  establishes  a  magnetic  field  at  right  angles  to 
the  length  of  the  arc  between  the  fixed  and  moving  contacts  at  B. 
In  this  case  the  switch  has  only  the  main  laminated  contact  at  A 
and  the  renewable  copper  sparking  tip  at  B  ;  it  is  not  usual  to 
employ  carbon  arcing  tips  as  well  as  a  magnetic  blow-out.  The 


Pig.  75. — Main  and  auxiliary  contacts 
in  air-break  switches  with  laminated 
brushes  (diagrammatic). 


*  Connected  between  the  circuit  contact  and  the  line  so  that  it  carries  the 
current  which  is  to  be  broken.  If  the  current  is  alternating,  the  blow-out  field 
reverses  with  the  current  and  the  blow-out  action  is  unidirectional.  Though  theo¬ 
retically  applicable  to  A.C.  switches,  the  magnetic  blow-out  is  generally  used  on 
D.C.  switches  only.  The  reactance  drop  in  the  magnet  coil  (which  must  be  in 
series  with  the  main  circuit)  is  objectionable' where  A.C.  is  concerned. 
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sense  of  the  field  is  such  that  the  arc,  which  is  a  current-carrying 
conductor,  is  driven  upwards  (§  35)  on  arcing  horns  (§  364)  and, 
being  thus  lengthened,  it  is  quickly  extinguished.  If  there  is  any 
difficulty  in  providing  a  large  clear  air  space  for  the  dissipation  of 
the  arc,  the  surroundings  (particularly  any  metal  with  which  the 
arc  might  come  in  contact)  must  be  protected  by  fireproof,  insulat¬ 
ing  shields. 

366.  Ironclad  and  Flame-proof  Air-break  Switches. — The 

distinction  between  ironclad  and  flame-proof  switchgear  is  mainly 
one  of  degree.  A  4  flame-proof  5  switch  is  enclosed  by  a  case 
which  will  withstand  without  injury  the  explosion  within  it  of  a 
maximum-explosive  mixture  of  methane  and  air  (or  an  equivalent 
explosive  mixture)  ;  also,  it  will  not  transmit  ignition  from  the 
internal  explosion  to  a  surrounding  atmosphere  of  explosive  com¬ 
position  under  any  conditions  of  service  within  its  rating.  These 
two  requirements  are  fulfilled  by  making  the  containing  case  of 
great  mechanical  strength  and  by  providing  it  and  its  cover  with 
wide  machined  joints  which  permit  the  escape  of  gases  produced 
by  an  internal  explosion,  but  cool  them  well  below  the  ignition 
point  of  the  outer  explosive  atmosphere  before  the  latter  is  reached. 
The  term  ‘ironclad/  on  the  other  hand,  is  generally  applied  to 
switches  which  are  not  flame-proof,  but  which  are  enclosed  by  an 
iron  casing  sufficient  to  protect  the  switch  against  mechanical 
damage,  tampering  or  accidental  contact,  and  drippings  of  water, 
etc.*  These  distinctions  are  of  a  mechanical  nature,  and  the  same 
electrical  considerations  apply  whether  the  switch  be  enclosed  by 
light  sheet  metal  or  by  a  flame-proof,  mining-type  casing.  The 
metal  casing  and  the  operating  handle  (if  of  metal)  must  be 
efficiently  earthed.  There  must  be  adequate  clearance  and  insula¬ 
tion  resistance  between  all  live  parts  of  the  switch  and  the  metal 
enclosure ;  an  insulating  barrier,  acting  as  an  earth  shield,  should 
be  provided  between  the  poles ;  and  an  insulating  lining  should 
be  fitted  to  prevent  any  arc  which  may  arise  in  service  from 
reaching  the  casing.  The  switch  itself,  which  should  be  capable 
of  interrupting  safely  at  least  50  %  higher  than  its  rated  current 


*  Hitherto  the  term  *  ironclad  ’  has  been  used  loosely  to  describe  switches  which 
differed  greatly  in  the  degree  of  their  protection  against  mechanical  injury,  weather, 
etc.  It  is  obviously  preferable  to  distinguish  between  mere  mechanical  protection 
(by  expanded  metal,  etc.),  total  enclosure,  drip-proof,  and  weather-proof  protection, 
as  in  the  case  of  electric  motors. 
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differs  only  from  the  corresponding  open  type  air-break  switch  in 
mechanical  details  to  suit  its  enclosure.  An  interlock  (§  373)  is 
necessary  between  switch  and  cover  so  that  the  security  afforded 
by  the  latter  cannot  be  lost  by  the  switch  being  used  with  the 
cover  open. 

Ironclad  switchgear  is  commonly  provided  with  a  hemp  or 
asbestos  packing  in  the  cover  joint,  but  if  any  such  packing  be 
used  in  the  joints  of  flame-proof  switchgear  a  flame-proof  vent 
must  be  provided  in  the  casing  for  the  relief  of  internal  pressure. 
Cables  are  taken  into  the  casing  through  suitable  weather-proof  or 
flame-proof  fittings,  as  the  case  may  be,  and  the  connections  to  the 
switch  are  on  the  face  of  the  slate  or  marble  panel  which  carries 
the  switch. 

Ironclad  and  flame-proof  switches  (single,  double,  or  triple  pole) 
are  generally  limited  to  currents  not  exceeding  500  A  and  pressures 
not  exceeding  660  V,  D.C.  or  A.C.  Oil-break  ironclad  switches 
are  ordinary  oil-break  switches  (§  367)  in  tanks  of  special  mechanical 
strength.  Oil-immersion  eliminates  the  risks  associated  with  open 
sparking  and  sometimes  makes  possible  a  smaller  casing  than  is 
required  by  an  air-break  switch. 

367.  Oil  Switches  and  Circuit  Breakers. — The  terms  ‘oil 
switch ’  and  ‘  oil-immersed  circuit  breaker  5  have  been  used  indis¬ 
criminately  in  the  past,  but  it  is  now  recognised  that  the  term  oil 
switch  should  be  applied  only  to  non-automatic  mechanical  devices 
for  breaking  currents  up  to  the  rated  capacity  of  the  switch 
(§  371);  whereas  an  oil-irnmersed  circuit  breaker  is  a  mechanical 
device  (automatic  unless  otherwise  specified)  for  breaking  the  circuit 
under  abnormal  conditions  such  as  those  of  short  circuit.  The 
constructional  features  of  both  types  are  described  in  §  368. 

The  main  advantage  of  oil  immersion  is  the  assistance  obtained 
in  quenching  the  arc  which  forms  when  the  contacts  are  separated. 
The  size  of  the  arc  is  reduced  by  the  cooling  effect  of  the  oil  and  by 
the  hydrostatic  pressure  which  the  oil  exerts  upon  the  vapour 
column ;  also,  the  head  of  oil  above  the  contacts  forces  the  in¬ 
sulating  liquid  between  them  at  the  earliest  possible  moment  after 
their  separation.  In  the  case  of  alternating  current  the  arc  is 
momentarily  extinguished  as  the  current  passes  through  zero,  and 
the  combined  cooling,  mechanical,  and  insulating  effect  of  the  oil 
is  generally  sufficient  to  prevent  the  arc  from  being  struck  again. 
Where  direct  current  is  concerned  no  assistance  is  obtained  from 
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the  form  of  the  current  itself  (there  is  no  natural  recurrent  zero  in 
a  direct  current),  hence  the  arc  endures  longer  than  where  alter¬ 
nating  current  is  employed.  Tests  have  shown,  however,  that  oil 
switches  and  circuit  breakers  are  capable  of  interrupting  direct 
current  under  load  or  short-circuit  conditions  at  the  same  rating  as 
for  alternating  current.  The  oil  is  soon  blackened  by  carbonisa¬ 
tion,  but  the  actual  amount  of  carbon  formed  is  only  a  small  fraction 
of  1  °/Q  of  the  oil  after  the  switch  has  operated  thousands  of  times, 
and  the  properties  of  the  oil,  so  far  as  extinguishing  the  arc  is  con¬ 
cerned,  appear  to  be  quite  unaffected.  With  the  use  of  direct 
current  at  1  500  or  8  000  V  for  traction  purposes  there  is  likely  to 
be  an  increase  in  the  use  of  oil  switches  in  D.C.  circuits ;  there  is 
not  much  inducement  to  use  them  in  D.C.  circuits  up  to  660  V,* 
the  air-break  circuit  breaker  being  quite  satisfactory  for  such 
pressures,  whether  direct  or  alternating.  Though  air-break  switch- 
gear  in  explosion-proof  and  flame-proof  casings  (§  366)  is  quite 
safe  for  use  in  explosive  atmospheres,  it  is  sometimes  more  con¬ 
venient  to  use  oil-immersed  switches  and,  in  such  services,  there  is 
a  field  for  D.C.  and  A.C.  oil  switches  at  all  pressures.  Probably 
the  principal  objection  to  the  use  of  oil  switches  in  D.C.  circuits 
lies  in  the  high  voltage  which  may  be  induced  when  breaking  a 
highly  inductive  circuit  (§  349).  In  an  air-break  switch,  even 
with  magnetic  blow-out,  the  circuit  is  broken  less  rapidly  than  in 
an  oil  switch,  and  the  inductive  ‘  kick  ’  is  therefore  lower.  The 
importance  of  providing  shunt  discharge  paths  for  the  voltage  in¬ 
duced  in  any  highly  inductive  circuit  ( e.g .  shunt  motor  field  coils, 
brake  magnet  windings,  etc.)  has  already  been  mentioned  (§  349), 
and  is  especially  great  where  oil  switches  are  used. 

368.  Constructional  Features  of  Oil-immersed  Switches 
and  Circuit  Breakers. — The  main  components  of  any  oil-im¬ 
mersed  switch  are  the  oil  tank  ;  the  insulators  used  to  insulate  the 
fixed  contacts  from  the  tank ;  the  moving  contact  or  bridge-piece  ; 
and  the  mechanism  used  to  operate  the  latter  ( see  also  §§  343,  372, 
373). 

The  insulators  carrying  the  fixed  contacts  are  generally  mounted 
on  the  cover  of  the  tank,  and  for  extra  high  voltage  circuits  (say 


*  This  has  hitherto  been  about  the  highest  pressure  used  in  D.C.  circuits,  ex¬ 
cepting  circuits  on  the  Thury  system  (§  317).  In  the  latter,  the  main  (series) 
circuit  is  never  opened ;  apparatus  is  switched  ‘  out  ’  by  short  circuiting  its 
terminals ;  the  load  current  is  coustant  and  is  never  broken. 
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over  33  kV)  they  are  usually  of  the  condenser  type.*  The 
terminal  stems,  connected  to  the  conductors  of  the  external  circuit, 
are  led  through  these  insulators  and  terminate  in  the  circuit  con¬ 
tacts  of  the  switch.  The  moving  contact  is  in  the  form  of  a  bridge 
piece  which  connects  the  circuit  contacts  when  it  is  made  to  bear 
upon  them.  Generally  the  bridge  piece  is  a  solid  bar  or  laminated 
brush  of  such  cross-section  that  it  will  carry  the  heaviest  currents 
which  have  to  pass  through  the  switch  without  dangerous  over¬ 
heating.  Sometimes,  however,  the  bridge  piece  is  of  insulating 
material  with  a  contact  piece  at  each  end  to  engage  with  the  circuit 
contacts  when  the  switch  is  closed ;  the  moving  contacts  are  then 
connected  by  a  fuse  or  through  a  series  trip  coil  either  of  which 
opens  the  circuit  in  event  of  overload  (§§  342-344,  375).  The 
plane  of  the  circuit  contacts  is  horizontal  (except  in  oil-immersed 
drum  controllers  and  other  special  switches)  and  the  bridge  piece  is 
raised  or  lowered,  to  make  or  break  circuit  by  means  of  a  rod  pass- 


R 


am 


\r 


J3-. 


rc 


f  tCP  T 

A. 

F 

gEL  A 

~I  1  1  "L  j-  1  £“ 

i _ EEB. 

X  {c  ^ 


X  c 


7TJ 


i\ 


(ct)  (b) 

Fig.  7G. — Diagrammatic  representation  of  double  and  quadruple  breaks. 


ing  through  the  cover  of  the  tank.  The  operating  rod  is  in¬ 
sulated  from  the  bridge  piece  by  micarta,  bakelite,  or  other  suitable 
material.  Generally,  the  bridge  piece,  G ,  Fig.  76  (a),  is  used  in 
conjunction  with  two  circuit  contacts  AB;  there  are  then  two 
breaks,  XX,  in  series  when  the  switch  opens,  and  if  the  rod,  B ,  moves 
downwards  at  5  ft.  /  sec.  the  total  speed  of  breaking  at  the  contacts 
is  2  x  5  =  10  ft.  /sec.  For  extra  high  voltages  two  bridge  pieces, 
CD,  and  four  stationary  contacts,  A,  B,  E,  F \  may  be  used  as  shown 


*i.e.  built  up  by  alternate  concentric  layers  of  dielectric  and  metal  foil,  so  as 
to  form  a  number  of  condensers  in  series ;  by  suitably  adjusting  the  capacity  of 
each  condenser  the  voltage  distribution  across  the  series  can  be  made  uniform 
(§  289).  The  pressure  gradient  in  a  *  bulk  ’  terminal  insulator,  consisting  of  a 
relatively  thick  mass  of  porcelain,  moulded  composition,  etc.,  is  far  from  uniform 
and  the  utilisation  of  the  insulating  material  is  correspondingly  inefficient.  Con¬ 
denser  bushings  are  coming  into  general  use  for  all  oil-circuit  breakers  of  large 
rupturing  capacity  for  pressures  of  11  000  V  and  upwards. 
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(diagrammaticaily)  in  Fig.  76  (b) ;  if  11  moves  downwards  at  5  it.  / 
so c.  the  four  breaks  in  series  open  at  a  total  speed  of  20  it. /see. 
Where  the  upward  speed  of  an  auxiliary  contact  is  added  to  the 
downward  speed  of  the  bridge  piece  (as  in  Fig.  78)  the  total  speed 
of  breaking  at  a  quadruple  break  may  be  85-40  ft.  /  sec. 

The  circuit  contacts  are  massive  blocks  if  the  moving  contact 
is  of  the  laminated  brush  type  (§  865),  or  springy  clips  if  the  mov¬ 
ing  element  has  Vee-shaped  knife  contacts.  In  the*  construction 
shown  diagrammatical ly  in  Fig.  77  (a),  the  main,  laminated  brush 
contact  opens  first  at  A,  and  the  arc  is  struck  on  the  solid  copper 
piece,  B.  which  is  spring-supported  at  S7  makes  butt  contact  with 
the  stationary  contact  block,  and  is  easily  renewable  when  required. 
Carbon  arcing  tips  are  not  suitable  for  use  in  oil.  In  Fig.  77  (b)  the 


wedge-shaped  block,  B,  and  the  springy  fingers,  A,  constitute  the 
main  contacts  ;  the  auxiliary  arcing  contacts,  AT,  separate  after  the 
main  contacts;  and  by  that  time  the  piece,  B ,  is  moving  ho  rapidly 
that  a  ‘quick  break’  is  obtained.  In  Fig.  77  (c),  the  moving  con¬ 
tact,  A,  is  of  narrow  triangular  section,  and  is  forced  between  two 
solid  contact  blocks,  BB ,  which  are  carried  by  laminated  springy 
fingers,  C\  arcing  contacts  (not  shown)  are  fitted  as  in  Fig.  76  (6). 
An  ingenious  method  of  increasing  the  8{>oed  of  breaking  is  illus¬ 
trated  in  Fig.  78;  in  the  position  shown  the  main  butt  contacts, 
AB}  have  separated,  but  the  auxiliary  contact,  L,  which  is  formed 
as  a  latch,  is  drawn  down  in  engagement  with  the  elijm,  M,  thus 
maintaining  the  circuit  through  the  switch.  Meanwhile  the  spring, 
S,  is  being  compressed  by  the  downward  movement  of  L,  and  when 
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Medium  Voltage,  Heavy  Current  Oil  Switch. 

The  illustration  shows  the  G-.E.G.  Type  IHa  switch  (Table  52,  §  871)  with  its 
tank  lowered  and  the  contacts  closed.  The  normal  capacity  of  this  switch  is  1  000  A 
at  660  V.  A  specially  long  break  is  provided,  and  the  clearances  are  on  a  liberal 
basis,  actually  exceeding  the  requirements  of  the  B.E.S.A.  specification.  The  tank 
is  lined  with  5-ply  birch  which  is  divided  into  compartments  so  that  the  phases  of 
the  switch  are  separated. 
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Medium  Voltage,  Heavy  Current  Oil. 

Switch. 

This  switch  is  built;  for  ratecl  carrying- 
capacities  of  1  500  A  and  2  500  A  at  G5'J  V. 
The  fixed  contacts  are  of  the  laminated 
brush  type  insulated  by  a  slate  base  which 
is  supported  by  the  iron  framework.  An 
arcing  tip  is  provided  on  each  fixed  contact. 
The  tank-lowering  gear  is  operated  by  the 
hand-wheel  shown.  The  switch  is  closed 
by  lifting  the  handle,  engaging  the  switch 
mechanism,  and  pushing  the  handle  down¬ 
wards.  Opening  by  hand  is  effected  by 
pressing  the  tripping  lever  on  the  handle. 
The  switch  can  neither  be  closed  under 
fault  conditions,  nor  opened  slowly  at  any 
time.  The  trip  coils  are  fitted  on  the  front 
of  the  board,  below  the  operating  handle. 


E.H.T.  High-Power  Oil  Circuit  Breaker  for 
Remote  Electrical  Operation. 

This  circuit  breaker  is  suitable  for  use  on  systems 
up  to  35  000  V  where  an  arc-rupturing  capacity  of 
over  1  000  000  kVA  is  required.  The  fixed  contact 
studs  are  built  on  the  condenser  terminal  principle 
(§  36S)  and  are  strongly  braced  together  at  the  lower 
end.  The  moving  contacts  are  of  special  design  to 
ensure  that  good  contact  is  maintained  even  when 
heavy  fault-current  is  flowing.  Wedge-type  renew¬ 
able  arcing  tips  are  employed.  The  oil  tanks  are 
attached  to  the  common  cast  steel  frame  by  suspen¬ 
sion  bolts  ;  four  small  retaining  bolts  are  also  fitted 
to  facilitate  the  removal  of  the  tanks  by  a  combined 
carriage  and  lowering  device.  When  the  breaker 
opeus  on  short  circuit,  clean  air  is  drawn  into  the 
air  chambers  as  the  oil  gases  are  discharged  from  the 
vents.  The  breaker  is  normally  operated  by  sole¬ 
noids  but  can  be  tripped  by  hand  if  necessary.  The 
closing  mechanism  is  a  parallel-motion  linkwork 
fitted  on  each  side  of  the  flexible  hinge  to  balance  the 
closing  forces.  No  live  metal  is  accessible  when  the 
breaker  is  in  service,  hence  no  side  barriers  or  protec¬ 
tive  doors  are  required  on  the  circuit  breaker  side  of 
the  structure  when  this  unit  is  used  with  stonework 
cubicles.  The  lead-in  connections  are  in  compound- 
filled  boxes  and  pass  through  the  rear  wall  to  the 
isolating  switch  and  terminal  cells. 
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the  main  contacts  are  6  or  7  ins.  apart,  and  moving  at  high  speed, 
the  spring  withdraws  L  from  the  clips,  and  pulls  it  upwards  rapidly. 
The  speed  of  separation  of  L  and  M  is  the  sum  of  the  upward  speed 
of  L  and  the  downward  speed  of  M .  The  same  figure  also  shows 
the  shield,  D ,  fitted  to  the  lower  end  of  the  condenser  terminal,  T , 
to  screen  it  from  the  arc ;  and  the  smooth-profile  corona  shields, 
G ,  which  prevent  corona  discharge  from  the  sharp  edges  of  the 
contacts. 

An  important  factor  in  the  design  of  switch  contacts  is  their 
behaviour  under  the  mechanical  forces  de¬ 
veloped  by  short-circuit  currents.  As 
explained  in  §  338,  the  mechanical  force 
due  to  the  field  round  the  conductors  of  a 
closed  circuit  tends,  to  increase  the  area 
enclosed  by  the  circuit,  hence  a  laminated 
brush  contact  of  the  type  shown  in  Fig.  79 
is  subjected  to  forces,  FF,  which  tend  to  re¬ 
duce  the  mechanical  pressure  at  the  contacts, 
and  may  cause  the  contacts  to  become 
overheated  and  welded  together.  With  two 
inverted  brushes  as  in  Fig.  80,  bearing  on 
an  intermediate  contact  block,  0,  the  forces, 

FF  (tending  to  enlarge  the  circuit),  now 
press  the  brushes  more  firmly  into  contact. 

The  converse  action,  i.e.  attraction  between 
conductors  carrying  current  in  the  same 
direction  (§  338),  causes  the  fingers  A,  B 
(Fig.  81),  to  bear  more  heavily  upon  the 
intermediate  contact  G.  Contacts  which 
are  self-closing  under  electromagnetic  forces  are  naturally  to  be 
preferred.* 

In  all  the  cases  illustrated  by  Figs.  77,  78  the  circuit  contacts 
are  carried  by  the  cover  of  the  switch  tank,  and  the  switch  is 
opened  by  the  moving  contact  or  bridge  piece  travelling  down¬ 
wards  from  the  fixed  contacts.  This  is  the  usual  arrangement, 
and  has  the  advantage  that  when  the  oil  tank  is  lowered  the  whole 


*  The  three  examples  cited  are  reproduced  from  *  Mechanical  and  Electrical 
Effects  of  Large  Currents  on  Switchgear,’  0.  C.  G-arrard.  Jour .  I.E.E.,  Vol. 
60,  p.  887. 


Pig.  78. — Main  and  auxi¬ 
liary  contacts  of  Metro¬ 
politan  Vickers  oil-im¬ 
mersed  circuit  breaker. 
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of  the  switch  is  accessible  for  inspection  or  repair ;  it  must,  how¬ 
ever,  be  isolated  by  an  isolating  switch  (§  362)  before  it  is  touched. 
Sometimes  the  circuit  connections  are  made  through  insulators  in 
the  bottom  of  the  tank  and  the  moving  element  travels  upwards 
to  open  the  circuit ;  this  arrangement  has  the  advantage  that  the 
tank  is  shallower  (for  a  given  head  of  oil  over  the  break)  than  if 
the  moving  contact  travels  downwards.  Also,  the  moving  con¬ 
tact  and  its  operating  mechanism  can  be  inspected  whilst  the  live 
circuit  contacts  remain  submerged ;  on  the  other  hand,  the  tank 
must  be  emptied  before  the  circuit  contacts  can  be  reached  and 
even  then  they  are  not  easily  accessible. 

The  formation  of  dangerous  switching  surges  (§  349)  may  be 
prevented  by  placing  ‘  buffer  resistances  ’  in  circuit  temporarily 


Fig.  79. — The  electromag¬ 
netic  forces,  F,  tend  to 
open  the  contacts. 


Fig.  80. — The  electromagnetic  Fig.  81. — Electro¬ 
forces,  F,  improve  the  contact  magnetic  at- 

befcween  the  brushes  and  the  traction  bo- 

block,  C.  tween  A  and 

B  increases  the 
contact  pres¬ 
sure  on  C. 


before  the  main  contacts  of  the  switch  close  and  after  they  open. 
This  precaution — which  renders  less  sudden  the  growth  or  decay 
of  the  magnetising  current  of  machines  or  transformers,  or  the 
charging  current  of  cables — may  be  effected  by  the  use  of  auxiliary 
‘  charging  contacts  ’  on  the  main  switch.  Like  the  auxiliary  arc¬ 
ing  contacts,  the  charging  contacts  make  contact  before  (and  open 
contact  after)  the  main  contacts,  but  the  same  auxiliary  contacts 
cannot  be  used  both  as  arcing  and  charging  contacts’;  for  whereas 
the  arcing  contacts  have  to  carry  the  full  main  current  tempor¬ 
arily,  the  charging  contacts  are  in  series  with  a  high  non-inductive 
resistance  which  acts  as  a  ‘  buffer  ’  when  switching  on  or  off. 

If  desired,  auxiliary  switches  can  be  fitted  to  oil  switches  so 
that  they  open  or  close  relay,  signalling  or  other  auxiliary  circuits 
synchronously  with  the  operation  of  the  main  switch. 
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Notes  on  the  operating,  tripping,  and  interlocking  mechanism 
of  switches  are  given  in  §§  372,  373,  and  further  information  on 
constructional  factors  which  influence  the  breaking  capacity  of  oil 
switches  are  given  in  §  371. 

369.  Air  and  Oil-Switch  Ratings ;  Current  Densities. 

— The  rated  capacity  of  air-break  switches  and  circuit  breakers  *  is 
the  largest  current  (at  rated  frequency  in  the  case  of  A.C.)  which 
they  will  carry  continuously  under  the  required  conditions  of 
service  without  exceeding  30°  C.  temperature  rise  (20°  C.  rise  in 
the  case  of  switches  rated  below  100  A),  the  temperature  of  the 
surrounding  air  being  not  higher  than  40°  C.  When  determining 
this  temperature  rise :  (a)  For  switches  of  2  000  A  or  lower  rating 
— the  connecting  cables  should  be  operated  at  a  current  density 
conforming  with  Table  40  (§  280)  where  this  is  applicable;  or 
should  be  copper  straps  run  at  1  000  A  /  sq.  in.  (I b )  For  switches 
rated  above  2  000  A — the  connections  should  be  such  that  the 
temperature  rise  in  them  is  not  less  than  80  °/o  or  more  than 
100  °/0  of  the  rise  permitted  in  the  switch.  The  object  of  these 
clauses  is  to  eliminate  abnormal  heating  or  cooling  of  the  switch 
by  thermal  conduction  from  or  to  the  connecting  leads.  The 
permissible  temperature  rise  (measured  by  thermometer)  in  trip¬ 
ping,  closing,  and  blow-out  coils  under  service  conditions  is  50°  C. 
for  cotton,  silk,  paper,  etc.,  impregnated  and  for  enamelled  wire; 
and  70°  C.  for  micanite,  asbestos,  and  bare  coils. 

The  carrying  capacity  or  rated  current  of  an  oil  switch  or  oil- 
circuit  breaker  is  the  heaviest  current  (at  rated  pressure  and  fre¬ 
quency)  which  it  will  carry  without  the  temperature  rise  (at  the 
hottest  part  of  the  oil  or  at  any  part  of  the  switch  outside  the  oil) 
exceeding  30°  C.  (40°  C.  for  switches  or  circuit  breakers  rated 
above  2  000  A)  above  an  air  temperature  not  exceeding  40°  C. 
(or  80°  C.  total  temperature  if  the  air  temperature  exceeds  40°  C.). 
The  provisos  made  in  the  preceding  paragraph  regarding  current 
density  in  connections  are  applicable  here  also. 

A  complete  statement  of  the  rating  of  an  oil  switch  or  oil- 
circuit  breaker  includes  the  carrying  capacity  in  amps.,  the  rated 


*  The  notes  in  this  paragraph  are  based  upon  B.E.S.A.  Reports,  Nos.  109,  110 
(Ait-break  Knife  Switches,  Laminated-brush  Switches,  and  Circuit  Breakers,  for 
not  higher  than  660  V ;  excluding  totally  enclosed  and  flame-proof  types),  but  the 
actual  specifications  should,  of  course,  be  consulted  when  the  precise  terms  and 
ponditions  are  of  importance. 
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voltage  and  frequency,  and  the  breaking  capacity  in  kVA  (§  371). 
The  current  rating  may  be  increased  as  the  frequency  decreases, 
and  must  be  decreased  as  the  frequency  increases,  by  an  amount 
which  depends  upon  the  design  of  the  switch ;  in  a  particular 
case,  a  switch  rated  at  600  A,  50  cycles  was  rated  at  800  A,  25 
cycles.  The  highest  standard  voltage  rating  at  present  contem¬ 
plated  in  this  country  for  oil  switches  is  165  000  V,  but  switches 
can  be  built  for  higher  voltages  if  required. 

The  maximum  permissible  current  densities  in  the  various 
parts  of  a  switch  or  circuit  breaker  are  those  which  are  consistent 
with  the  temperature  rises  specified  above,  and  which  permit  the 
switch  to  operate  indefinitely  without  undue  deterioration  of  the 
contacts.  Many  factors  bear  on  these  points,  hence  it  is  impossible 
to  give  definite  figures  for  the  current  density ;  but  as  a  general 
guide  it  may  be  taken  that  600-1  000  A  /  sq.  in.  of  section  is  per¬ 
missible  in  connections,  switch  blades,  and  bridge  pieces,  the 
lower  value  being  used  for  currents  of  3  000  A  or  over  ;  whereas 
75-100  A  /  sq.  in.  of  contact  surface  is  a  reasonable  allowance 
where  spring  clips  and  blades  are  concerned,  rising  to  400  or  600 
A  /  sq.  in.  of  contact  surface  in  the  case  of  contacts  subjected  to 
high  mechanical  pressure  (by  bolting  or  by  toggle  mechanism 
etc.).  All  contact  surfaces  should  be  formed  on  relatively  heavy 
masses  of  metal  in  order  that  the  contacts  may  have  considerable 
capacity  for  heat ;  this  greatly  affects  the  breaking  capacity  of  the 
switch  (§  371). 

370.  Breaking  Capacity  Required  in  Circuit  Breakers.— 

The  breaking  (or  rupturing)  capacity  of  an  oil  switch  or  circuit 
breaker  is  the  maximum  kVA  which  it  will  interrupt  at  rated 
voltage.  It  is  given  numerically  by  the  product  nEI  / 1  000  ; 
where  E  =  rated  voltage ;  I  =  the  actual  current  at  the  moment 
of  separation  of  the  contacts ;  and  n  =  1  for  single-phase,  2  for 
2-phase,  and  1*732  for  3-phase  systems  respectively.  The  most 
severe  conditions  under  which  a  circuit  breaker  can  be  required 
to  act  are  those  of  short  circuit.  As  explained  in  §  339  it  is  not 
easy  to  calculate  accurately  the  current  flowing  under  short-circuit 
conditions,  and  in  the  case  of  circuit  breakers,  the  problem  is 
further  complicated  by  the  fact  that  the  current  to  be  determined 
is  that  which  is  flowing  at  the  moment  of  separation  of  the  con¬ 
tacts.  If  the  contacts  opened  instantaneously  on  the  occurrence 
of  a  short  circuit  they  might  be  called  upon  to  break  10  q?  qye^ 
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20  times  the  total  rated  kVA  of  the  generators  connected  to  the 
system  (§  339);  if,  however,  the  contacts  open  see.  after  the 
incidence  of  the  short  circuit  they  will  not  be  required  to  inter¬ 
rupt  more  than,  say,  6  times  the  total  rated  kVA  capacity  of  the 
generators  feeding  the  fault  (assuming  the  generator  reactance  to 
be  10  °/0 ;  see  §  340) ;  whilst  if  the  opening  of  the  contacts  be  de^ 
layed  for,  say,  secs,  by  an  artificial  time  lag,  the  current  to  be 
broken  will  probably  be  that  corresponding  to  about  3  times  the 
rated  kVA  capacity  of  the  generators,  i.e.  it  will  be  the  steady 
short-circuit  current  of  the  system. 

The  current  flowing  at  the  circuit  breaker  8  (Fig.  82)  is  limited 
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Fig.  82. — Short  circuit  at  the  far  end  of  a  feeder  connected  to  a  single  generator. 


Fig.  83. — Short  circuit  on  a  feeder  connected  through  reactance  coils  to 
several  generators  in  parallel. 


by  the  reactances  and  resistances  in  the  complete  circuit,  GABG , 
between  the  generator  and  the  short  circuit,  including  the  react¬ 
ance  of  the  generator  itself.  In  the  case  of  a  circuit  breaker  at  a 
power  station,  maximum  current  flows  when  the  short  circuit  is 
at  XY  (Fig.  82)  immediately  beyond  the  switch.  The  reactance 
in  circuit  is  then  only  that  of  the  generator  plus  that  of  any 
protective  reactance  (§  340)  or  transformer  which  is  connected 
between  the  generator  and  the  circuit  breaker. 


Suppose  that  the  rated  capacity  of  the  generator  is  10  000  kVA,  that  the 
generator  reactance  is  10  %  (*•*•  reactance  drop  at  full  load  =  10  %  of  normal 
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voltage,  see  §  340),  and  that  the  external  reactance  is  4  c,/#; 
kVA  at  the  moment  of  short  circuit  =  10  000  /  (-jVV  -hi.'4 
The  kVA  to  be  interrupted  by  the  circuit  breaker,  ass  unit 
fallen  to  0*6  of  its  initial  value  by  the  time  the  contacts  <*] 
42  860  kVA. 

Even  in  such  a  simple  case  as  that  consul' 
ing  example  there  is  considerable  latitude  for 
because  it  is  necessary  to  assume  the  extent  t< : 
will  have  decreased  at  the  moment  of  openin 
the  extent  to  which  the  voltage  is  lowered  as 
circuit.  For  example,  if  there  be  high  extern 
delays  the  demagnetising  of  the  alternator  fid 
current  may  still  be  75  °/0  of  its  initial  value  i 
circuit  breaker  (in  the  example  chosen)  nil 
0-75  x  71  430  -  53  500  kVA.  A  considerable 
essential  to  allow  for  this  uncertainty,  and  foi 
normal  pressure  surges,  resonance,  etc. 

In  practice  it  is  often  difficult  to  determini! 
ance  of  a  short-circuited  system  (upon  which 
value  of  the  short-circuit  kVA).  The  general  n 
may  be  illustrated  by  considering  a  short- circt 
immediately  beyond  a  circuit  breaker,  S>  v 
through  reactances,  L,  to  bus  bars  on  which  thn 
Cy  are  connected  in  parallel.  These  generators 
respectively,  of  5  000,  4  000,  and  3  000  kVA  in 
12  000  kVA.  The  total  current  flowing  at  - 
kVA  at  rated  voltage)  could  be  calculated  by 
bar  voltage  to  be  applied  to  a  total  reactance  of  (' 
a  =  total  reactance  of  the  two  coils  L  ;  and  b 
ance  of  the  three  generators  in  parallel.  SI 
reactances  of  generators,  reactance  coils,  feeder* 
expressed  as  percentages  ( see  §  340)  it  is  sitr*; 
basis,  but  it  must  be  remembered  that  the  ‘  j  h  : 
of  any  machine  or  circuit  is  referred  to  its  o  r 
if  the  actual  load  is  greater,  the  percentage  r*.A 
creased  in  the  ratio  of  the  actual  load  to  ill 
following  example  will  make  this  clear  *  : — 


*For  many  other  examples  of  short-circuit  calculatl 
plicated  networks,  the  reader  maybe  referred  to  an  excel!  <a; 
in  the  Metropolitan  Tickers  Oazettet  June,  1921. 
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The  total  kVA  capacity  on  the  bus  bars  in  Fig.  83  is  12  000  kVA,  and  if  the 
reactance  of  generator  A  is  10  °/Q  (based  on  its  own  rating  of  5  000  kVA)  it  is 
(12  000  j  5  000)  x  10  °/Q  =  24  %  with  reference  to  the  bus  bar  kVA.  Similarly,  if 
the  reactance  of  B  be  8  %,  and  of  C  be  12  %,  their  reactances  referred  to  12  000 
kVA  are  (12 000  /  4 000)  x  8°/0  =  24 °/Q,  and  (12  000  /  3  000)  x  12  %  =  48  °/c  re¬ 
spectively.  Adding  the  reciprocals  of  these  reactances  we  have  —  ^g 

which  is,  itself,  the  reciprocal  of  the  equivalent  reactance  of  the  three  generators 
in  parallel.  Thus,  referred  to  the  bus  bar  capacity  of  12  000  kVA,  the  effective 
reactance  of  the  three  generators  is  -%*-  =  9-6  °/0.  Again,  if  the  total  reactance  of 
the  two  coils,  L ,  be  5  °/0  on  a  5  000  kYA  rating,  it  is  (12  000  /  5  000)  x  5  %  = 
12  %  with  reference  to  12000  kYA.  Under  these  conditions  the  initial  kYA  at 
the  short-circuit  =  12  000  x  100  /  (9*6  +  12)  =  55  000  kVA.  As  the  total  react¬ 
ance  in  circuit  is  rather  high  (21*6  °/0)  it  may  be  assumed  that  the  kYA  to  be  in¬ 
terrupted  when  the  contacts  open  in  i  sec.  is  0*7  x  55  000  =  38  500  kYA. 

Fora  switch,  at  position  8  (Fig.  83),  there  is  always  a  possibility 
of  a  short  circuit  at  XY,  close  to  the  switch,  hence  this  condition 
should  be  assumed  when  calculating  the  breaking  capacity  required, 
but  for  a  switch  at  the  far  end  of  the  lines  PQ,  the  reactance  and 
resistance  of  the  latter  must  necessarily  be  between  the  switch  and 
the  power  station  and  should  therefore  be  included  in  the  calculation, 
the  percentage  reactance  of  the  line  with  reference  to  its  own  rated 
capacity  being  increased  to  correspond  to  the  bus  bar  kYA  as  in 
the  preceding  paragraph.  The  calculation  of  the  actual  reactances 
of  cables  and  overhead  lines  (from  which  the  ‘  percentage  reactance 5 
at  once  follows)  is  discussed  in  Chapter  14. 

In  the  case  of  a  short  circuit  at  the  far  end  of  a  line,  the  im¬ 
pedance  of  which  is  high  compared  with  that  of  the  generators, 
the  kVA  to  be  interrupted  is  determined  almost  entirely  by  the 
impedance  of  the  line,  and  it  may  then  be  assumed  that  the  bus 
bar  voltage  remains  constant,  so  that  the  kYA  to  be  interrupted  is 
equal  to  the  initial  kYA  and  is  given  by  (Rated  kVA  of  line  x 
100  /  Percentage  impedance  of  line).  If,  however,  the  line  im¬ 
pedance  be  low  compared  with  that  of  the  generators  it  is  necessary 
to  allow  for  the  impedance  of  both  ;  and  in  this  case  the  kVA  to 
be  interrupted  is,  say,  75  °/0  of  the  initial  kYA  owing  to  the  fall 
in  voltage  caused  by  demagnetisation  of  the  generator  field. 

For  example,  suppose  that  a  feeder  rated  at  1 000  kYA  has  3  %  reactance  and 
4  °/0  resistance  (referred  to  its  own  rating  in  both  cases)  and  suppose  that  this 
feeder  is  connected  to  a  3  000  kVA  station  in  which  the  generator  reactance  is 
10  °/0.  On  the  basis  of  3  000  kYA,  the  feeder  reactance  is  (3  000  /  1 000)  x  3  °/0  = 

9  °/0,  and  its  resistance  is  (3  000  /  1  000)  x  4  %  =  12  °/e.  The  total  reactance  is 
thus  (9  +  10)  =  19  °/0  and  the  resistance  (neglecting  that  of  the  generator)  is  12  %« 
The  percentage  impedance  is  therefore  N/[(12)a  +  (19)2]  =  22-5  °/0  and  the  kYA  to 
be  interrupted  is  0*75  x  (3  000  x  100  /  22*5)  =  10  000  kYA. 
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In  the  absence  of  definite  information  it  is  usually  safe  to  as¬ 
sume  that  the  ‘  short-circuit  reactance  *  of  a  modern  alternator 
is  10  °/o  and  that  of  a  transformer  about  4  °/0,  reckoned  on  the 
rated  capacity  of  the  generator  or  transformer  as  the  case  may  be. 
The  ‘  short-circuit  reactance  ’  may  be  less  than  the  reactance  under 
conditions  of  normal  magnetic  flux  density  and  is  equal  to  (100  /  x) 
°/oJ  where  x  =  Current  on  dead  short  circuit  at  rated  voltage  /  Rated 
full-load  current  (§  340). 

Though  the  methods  explained  above  provide  a  convenient 
means  of  estimating  the  kVA  to  be  interrupted,  the  duty  actually 
required  from  the  switch  varies  widely  according  to  the  point  in 
the  voltage  wave  at  which  the  short  circuit  is  established,  and  ac¬ 
cording  to  the  point  in  the  current  wave  at  which  the  contacts  are 
separated. 

371.  Factors  Determining  Breaking  Capacity  of  Oil 
Switches. — The  breaking  capacity  (kVA)  to  be  provided  in  a 
circuit  breaker  may  be  calculated  approximately  as  explained  in 
the  preceding  paragraph,  and  it  is  usual  to  require  that  the  circuit 
breaker  should  be  capable  of  interrupting  the  kVA  thus  calculated 
twice  in  rapid  succession,  and  thereafter  be  at  once  capable  of 
carrying  normal  full  load.  The  principal  factors  influencing  the 
breaking  capacity  of  an  oil  switch  are  :  (i)  The  form  and  mass  of 
the  contacts,  and  the  mechanical  strength  of  the  switch  components, 
(ii)  The  speed  of  breaking  contact,  the  number  of  breaks  in  series 
per  phase,  and  the  total  length  of  break  per  phase,  (iii)  The 
clearance  between  phases  and  between  live  metal  and  earthed 
metal  (the  tank)  below  oil  and  in  air.  (iv)  The  volume  of  oil  in 
the  tank  and  the  head  of  oil  over  the  contacts  at  the  moment  of 
opening ;  and  the  suitability  of  the  oil  employed,  (v)  The  amount 
of  air  space  above  the  oil  and  the  efficacy  of  the  vents  for  the  dis¬ 
charge  of  oil  vapour,  (vi)  The  mechanical  strength  of  the  tank 
and  its  supports. 


The  contacts  must  be  massive  to  prevent  their  attaining  a  dangerously  high 
temperature  during  the  arcing  period,  and  thus  to  lessen  the  amount  of  metal 
vaporised.  The  contacts  should  not  be  forced  apart  by  electromagnetic  forces 
(§  369)  and  no  conductor  in  the  switch  should  be  capable  of  deformation  by  the 
mechanical  forces  developed  under  short-circuit  conditions  (§  338). 

A  quick  break  reduces  the  heating  of  the  contacts  at  the  moment  of  separation, 
thus  reducing  the  stability  of  the  arc,  and  extinguishes  the  arc  more  rapidly,  thus 
reducing  the  volume  of  vapour  produced.  Other  factors  being  equal  the  arcs  at  a 
multiple  gap  are  less  stable  than  the  corresponding  arc  at  a  single  gap ;  and  the 
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greater  the  total  length  of  break,  the  less  chance  there  is  of  the  arc  persisting. 
The  disposition  of  the  conductors  in  some  oil  switches  is  such  that  there  is  a 
magnetic  blow-out  effect  (§  365). 

The  clearance  from  phase  to  phase,  and  between  phases  and  earthed  metal  is 
always  of  importance  as  regards  insulation  under  normal  conditions;  and  it  is  of 
special  importance  when  the  contacts  open  under  excessive  load,  because  the  arc 
may  produce  a  short  circuit  between  phases  or  to  earth  if  the  clearances  be  not 
ample.  Barriers  of  insulating  material  between  phases  and  insulating  linings  in 
the  tank  reduce  this  risk ;  the  barriers  may  be  of  3-  or  5-ply  non-resinous  wood 
(birch  or  maple) ;  resinous  wood  is  apt  to  cause  the  contacts  to  become  foul  and 
possibly  cause  sticking.  For  pressures  above  6  600  V  (or  at  lower  pressures  if  the 
current  be  heavy,  say,  1  000  A  or  over)  the  circuit  breaker  for  each  phase  is  often 
placed  in  a  separate  tank ;  the  single-tank  construction  is  sometimes  used,  mainly 
on  the  Continent,  for  33  000  Y  switches  of  small  rupturing  capacity. 

A  large  volume  of  oil  in  the  tank  prevents  the  oil  from  being  heated  to  a 
dangerous  temperature  (§  369)  and  a  considerable  head  of  oil  is  required  above  the 
point  of  rupture  in  order  that  there  may  be  sufficient  hydrostatic  pressure  to 
compress  the  vapour  column  of  the  arc  and  to  drive  oil  forcibly  between  the  con¬ 
tacts;  also,  in  order  that  no  incandescent  gas  or  vapour  may  escape  from  the  oil. 
The  air  space  above  the  oil  in  the  tank  acts  as  a  buffer,  and  it  must  be  vented,  by 
pipes  leading  away  from  any  place  where  oil  vapour  would  be  dangerous,  so  that 
vapour  can  escape  easily  but  so  that  no  oil  can  be  driven  out  by  the  explosive  action 
of  the  arc. 

The  general  requirements  to  be  fulfilled  by  oil  for  use  in  switches  are  stated  in 
§  77  (1).  Where  oil  switches  are  exposed  to  severe  cold  it  is  usual  to  provide 
thermostatically  controlled  electric  heaters  in  the  oil  tank  to  prevent  the  oil  from 
becoming  so  viscous  that  it  no  longer  perforins  its  functions  properly. 

The  oil  tank  is  generally  constructed  of  sheet  steel  or  boiler  plate  with  welded 
joints,  or  of  solid  drawn  steel.  If  the  switch  is  to  be  of  large  rupturing  capacity, 
the  tank  should  be  capable  of  resisting  an  internal  pressure  of  500-700  lbs.  /  sq.  in. ;  . 
and  the  cover  and  the  attachments  between  tank  and  cover  must  be  equally  strong. 
Unsupported  flat  surfaces  must  be  avoided  in  the  tanks  and  where  necessary  the 
tank  must  be  reinforced  by  rolled  steel  bands  or  by  a  cage  of  angle  or  channel  irons 
and  tie  rods.  In  large,  high-voltage,  outdoor  switches,  the  tanks  usually  stand  on 
the  floor ;  arrangements  should  then  be  made  to  ventilate  the  bottom  of  the  tanks 
to  prevent  rusting.  In  large  switches,  the  tank  dimensions  are  sometimes  5  or  6  ft. 
dia.  x  7  or  8  ft.  high.  For  all  but  low  and  medium  voltages  comparatively  slight 
modifications  are  sufficient  to  render  oil-circuit  breakers  suitable  for  outdoor  service, 
thus  saving  the  cost  of  buildings. 

An  explosion  chamber  in  the  form  of  a  small  cylindrical  chamber  open  at  the 
bottom  is  sometimes  placed  round  each  circuit  contact  of  a  circuit  breaker.  This 
chamber  confines  the  arc,  and  is  capable  of  resisting  an  internal  pressure  of  700- 
1  000  lbs,  /  sq.  in.  The  vapour  formed  by  the  arc  is  driven  downwards  and  in 
escaping  it  drives  oil  from  the  chamber  on  to  the  receding  contacts,  thus  helping 
to  cool  them. 


Table  52  gives  leading  particulars  of  standard  oil-break  switches 
by  the  General  Electric  Company  (London),  and  will  repay  a  care¬ 
ful  study.  Oil-circuit  breakers  for  higher  voltages  and  for  higher 
breaking  capacity  are  of  course  available  if  required  up  to,  say, 
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600  A  carrying  capacity  at  115  kV  and  400  A  at  155  kV,  with 
breaking  capacities  up  to  1  500  000  kVA.  Though  the  current- 
carrying  capacity  of  a  switch  is  greater  at  lower  frequencies 
(§  369),  it  is  probable  that  the  breaking  capacity  is  greater  at 
50  cycles  than  at  25  cycles  /  sec.,  the  current  passing  through  zero 
more  frequently  and  the  energy  developed  per  half-cycle  being  less 
at  the  higher  frequency. 

Table  52. — Breaking  Capacity  of  Oil-Break  Switches. 

{By  Courtesy  of  the  General  Electric  Co .,  Ltd.). 


Type. 

Maximum 

Breaking 

Capacity.* 

Carrying-  Capacity. 

Total 

Head 

of 

Volume  of 

Weight 

With- 

Operation. 
I)  =  Direct 

Volts. 

Amperes. 

Break. 

Oil. 

Oil. 

out 

Oil. 

E  =  Elec¬ 
trical. 

kVA. 

V. 

A. 

Ins. 

Ins. 

Gals. 

Cu.  Ins. 

Lbs. 

I 

15  000 

3  300 

100 

4 

5 

3 

860 

126 

D 

II 

30  000 

3  300 

200 ;  300 

4 

5 

1300 

168 

D 

IlA 

30  000 

660 

400 ;  600 

si 

44 

1300 

174 

D 

III 

52  000 

f  3  300 
\  6  600 

400 ;  600 

200 ;  300 

H 

6 

y 

8 

2  280 

230 

D 

IIIa 

52  000 

660 

800 ;  1  000 

5* 

4 

8 

2  280 

240 

D 

C  3  300 

1  000  1 

IV 

100  000 

\  6  600 

600  .  } 

7 

6i 

15 

4  200 

290 

D  or  E 

111  000 

100  J 

IVa 

100  000 

660 1 

1200;  1500) 
2  000  ;  2  500  / 

5i 

15 

4  200 

340 

D 

f  3  300 

800;  1000) 

IVt 

125  000 

{  6  600 

400 ;  600  } 

8 

17 

4  750 

480 

D  or  E 

111  000 

100  J 

Yt 

200  000 

rn  000 
\  22  000 

200;  400 \ 

200  J 

10 

10 

89 

11  000 

560 

D  or  E 

r  3  300 

300;  600 ; 

1  000  ;  2 000 

YIt 

350  000 

)  11  000 
i  22  000 

300 ;  1  000 
200;  300;  ' 

12 

11 

66 

15  000 

2  200 

E 

600 

v.33  000 1 

200 

YIIt 

800  000 

33  000 

200 ;  400 

20 

14 

150 

42  000 

5  376 

E 

372.  Operating  and  Trip  Mechanism  of  Switches.— In  the 

simple  isolating  and  knife  switches  we  have  merely  a  pivoted  blade 

*  Here  calculated  as  (Current  flowing  at  the  instant  of  rupture  x  Normal 
voltage  between  phases  x  ^3/  1  000).  The  switches  are  suitable  for  use  with  an 
instantaneously  acting  release  on  a  total  generator  capacity  =  £  of  the  breaking 
capacities  given.  The  factor  of  safety  of  the  switches  under  these  conditions  is 
greater  than  2,  thus  allowing  sufficient  margin  to  deal  with  the  instantaneous  short- 
circuit  current  should  this  coincide  with  the  instant  of  rupture  of  the  current. 

f  With  neutral  earthed ;  these  switches  may  only  be  used  up  to  22  000  Y  if  the 
neutral  is  insulated. 
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which,  is  turned  about  its  pivot  and  pushed  into  (or  pulled  out  of) 
engagement  with  the  stationary  contacts,  either  by  means  of  an 
insulating  handle  on  the  blade  or  by  rotating  a  square  shaft  which 
acts  as  the  pivot  for  the  blade.  In  oil  switches,  where  a  contact 
bridge  piece  of  the  blade  type  has  to  be  moved  perpendicularly  to 
or  from  spring  clip  contacts,  the  bridge  piece  is  carried  by  an 
operating  rod  which  is  pulled  up  (to  close  the  switch)  by  a  bell 
crank  mechanism,  against  the  control  of  powerful  springs.  Power 
to  close  the  switch  is  applied  by  hand  (generally  near  the  switch 
but  sometimes  at  the  far  end  of  a  series  of  bell  cranks  and  rods  if 
remote  control  is  desired)  or  by  means  of  an  electromagnet.  In 
either  case  the  mechanism  is  designed  so  that  a  convenient  force 
and  moderate  displacement  at  the  point  of  application  of  the  power, 
give  the  desired  movement  of  the  contacts  and  a  suitable  pressure 
between  the  closed  contacts.  It  is  necessary  to  provide  not  only 
for  suitable  pressure  between  the  contacts  (which  pressure  must 
be  high  where  laminated  brushes  are  used)  but  also  for  the  com¬ 
pression  of  springs  which  are  powerful  enough  to  open  the  switch 
rapidly  ;  in  the  case  of  blade  and  spring  clip  contacts  the  operating 
springs  must  be  powerful  enough  to  overcome  the  friction  between 
the  contacts  and  still  leave  a  net  force  sufficiently  great  to  accelerate 
the  moving  parts  rapidly.  Any  switch  which  is  required  to  open 
automatically,  in  the  event  of  predetermined  abnormal  conditions, 
must  be  provided  with  some  form  of  latch,  the  opening  of  which 
leaves  the  moving  system  free  to  be  displaced  by  the  compressed 
operating  spring  ;  also,  the  operating  handle  must  be  “  free  ”  in 
the  sense  that  the  switch  cannot  be  held  closed  if  the  circuit  con¬ 
ditions  are  such  that  the  trip  mechanism  operates.  The  force 
required  to  close  the  switch  and  the  force  stored  in  the  compressed 
spring  ready  to  open  it  are  of  considerable  magnitude,  especially 
in  heavy  current  switches  with  laminated  brushes ;  and,  while  it  is 
necessary  that  the  closing  force  should  normally  exceed  the  opening 
force,  it  *  must  be  arranged  that  a  relatively  small  tripping  force 
will  release  the  mechanism.  In  this  connection  the  toggle  mechan¬ 
ism  is  particularly  useful. 

Referring  to  Fig.  84,  the  laminated  brush,  A,  is  pressed  on  to  the  contacts,  BO, 
by  the  linkwork,  DEF,  which  is  so  designed  that  when  it  is  moved  to  the  right  from 
the  dotted  position  a ,  6,  the  rod,  D,  is  moved  vertically  upwards.  The  pressure 
between  A  and  BC  is  a  maximum  when  the  links,  EF,  are  in  line  with  D,  but  this 
position,  is  unstable,  so  the  mechanism  is  pushed  over  until  the  links,  EF ,  rest 
against  stops,  XY.  The  pressure  between  the  contacts  is  still  considerable,  but  the 
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resultant  force  at  G  is  relatively  small  hence  application  of  a  relatively  small  force 
opposed  to  G  will  bring  the  links  first  to  the  vertical  position  and  then  to  the  left 
of  it  thus  ‘  breaking  ’  the  toggle  and  allowing  a  compression  spring  (not  shown) 
on  the  spindle,  D,  to  open  the  contacts  rapidly. 

If  A  bears  upon  each  contact,  B,  G,  with  a  force  of  50  lbs.  the  total  thrust  in  D 
(see  enlarged  diagram  of  forces,  Fig.  84)  is  100  lbs.  The  thrust  in  E  =  100  /  cos  2£° 
=  100  y  0*  999  =  100T  lbs.  =  thrust  in  F.  The  resultant  of  the  thrusts  in  E  and 
F  =  2  x  100T  x  sin  2£°  =  8*73  or,  say,  8f  lbs.  If  a  pull,  H,  greater  than  8f  lbs., 
be  applied  as  shown,  the  apex  of  the  toggle  will  move  to  the  left  and  the  toggle 
will  be  ‘  broken/  So  long  as  the  links,  EF,  are  to  the  right  of  the  vertical,  against 
the  stops,  the  mechanism  is  stable. 

The  valuable  property  of  this  mechanism  is  that  a  small  lateral  (closing)  force 
is  sufficient  to  produce  a  high  pressure  (lb.  /  sq.  in.)  between  the  contacts,  whilst  an 
equally  small  (tripping)  force  is  sufficient  to  release  the  mechanism. 


Fig.  84. — Diagrammatic  representation  of  toggle  mechanism. 


Manual  operation  is  simple  and  convenient  in  the  case  of  small 
and  medium  sized  switches,  the  whole  switchboard  occupying 
comparatively  small  space  and  the  connecting  linkwork  between 
the  operating  handle  and  the  switch  being  light  and  easily 
manipulated.  Where  high  power,  high  voltage  switches  are’ 
concerned,  however,  it  may  be  necessary  to  place  the  switches 
some  distance  away  from  the  control  board  in  order  that  the 
switches  may  be  housed  safely  and  conveniently,  and  in  order  that 
the  control  board  for  the  whole  of  a  large  plant  may  be  reduced 
to  conveniently  small  dimensions.  Switches  may  be  operated  by 
hand  from  a  considerable  distance  through  a  series  of  rods  (or 
steel  tubing)  connected  by  bell  cranks  where  required,  but  this 
system  of  remote  control  does  little  to  reduce  the  dimensions  of 
the  control  board  ;  moreover,  it  demands  increased  physical  effort 
on  the  part  of  the  operator.  In  such  cases  electrical  remote 
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control  offers  obvious  advantages ;  *  the  switch  is  closed  by  aid 
of  a  closing  solenoid  and  plunger  under  the  control  of  a  simple 
press  button  on  the  operator’s  master-switchboard.  With  another 
method,  the  closing  button  starts  a  servo-motor  which  compresses 
or  stretches  a  spring  ;  when  fully  ‘  loaded  5  the  latter  is  released, 
thus  closing  the  main  switch.  Low  voltage  D.C.  (say  100  V)  is 
used  for  the  closing  solenoid  or  motor.  It  should  be  arranged 
that  if  the  switch  is  tripped  automatically  directly  it  is  closed  (as 
when  it  is  closed  on  a  fault),  the  closing  button  has  to  be  pressed 
again  before  the  closing  coil  will  again  operate ;  this  is  the 
equivalent  of  the  ‘  free  handle  ’  mechanism  and  prevents  the 
closing  coil  and  trip  coil  from  closing  and  opening  the  switch 
repeatedly. 

By  arranging  the  linkwork  (between  the  operating  rod  and 
the  contact-carrying  rod)  inside  the  switch  cover  a  ‘  clean  ’ 
design  is  obtained  and  the  linkwork  is  protected.  Wherever 
possible  the  springs  which  open  the  switch  should  be  in  duplicate; 
each  should  be  capable  of  operating  the  switch  without  the  help 
of  the  other,  and  there  should  be  no  tendency  for  the  mechanism 
to  4  bind  ’  in  the  event  of  one  spring  breaking.  Current  must 
never  be  passed  through  a  spring  f ;  if  there  is  any  risk  of  this 
occurring  the  spring  should  be  short-circuited  by  a  flexible  lead  or 
auxiliary  contact  pieces. 


*  An  extreme  example  of  the  possibilities  of  electrical  remote  control  of  switches 
is  to  be  found  in  the  ‘  Handyell  ’  system  of  remote  switching  on  supply  station 
networks  without  the  use  of  pilot  wires  or  special  cables.  Each  of  the  switches  to 
be  controlled  is  provided  with  a  device  consisting  of  a  magnet  coil  and  a  condenser 
which  are  connected  permanently  in  series  across  the  supply  mains.  At  the  normal 
voltage  and  frequency  of  the  system  no  appreciable  current  flows  through  this 
operating  device,  but  when  a  ripple  of  frequency  corresponding  to  the  tuning  of 
the  relay  on  the  switch  to  be  operated,  is  sent  out  from  the  centra]  station  through 
the  ordinary  supply  mains,  a  current  flows  by  resonance  (§  47)  in  the  relay  circuit 
and  the  main  switch  at  that  point  is  operated.  The  controlling  ripples  are  produced 
by  an  auxiliary  motor- generator  and  may  be  of  any  frequency  from,  say,  200  to  500 
cycles  /  sec.  ;  they  do  not  affect  the  ordinary  supply  in  the  least,  are  applicable  to 
D.C.  or  A.C.  systems,  and  are  transmitted  effectively  through  transformers  and  miles 
of  underground  cable.  Transient  disturbances  due  to  short  circuits,  surges,  etc.,  do 
not  affect  the  tuned  relays,  and  any  number  of  switches  can  be  controlled  selectively 
by  varying  the  frequency  of  the  controlling  ripples. 

f  Apart  from  the  danger  of  the  spring  being  heated  and  softened  by  current 
passing  through  it,  the  mechanical  attraction,  between  turns  when  carrying  current 
(§  338) —increases  the  pull  of  a  tension  spring,  and  reducing  the  thrust  of  a  com¬ 
pression  spring — may  prevent  the  spring  from  acting  at  the  desired  moment  or 
in  the  desired  manner. 
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Whatever  the  type  of  switch  and  closing?  ^he 

tripping  mechanism  operates  by  leaving  the 

the  switch  free  to  be  withdrawn  from  the  fixed  c  ^he 

spring  or  springs  provided  for  the  purpose.  1  "  bcx^  t>e 

by  * breaking’  a  toggle  .mechanism  or  othervvxso  re- 

straint  from  the  switch  contact-piece  by  re\°^Bll^§r  °f 

some  kind,  at  some  point  in  the  mechanism  whien  liy  b*0-^8 

the  switch  closed.  This  latch  may  be  released  *b y  :t^c>vr^i::nen^ 

of  the  plunger  of  a  trip-solenoid  or  by  the  buckdf*1-*^  0;g  ^^-pgfcrxsion. 
strips  which  carry  the  main  current  and  release  f  ^  ^he 

event  of  sustained  overload.  A  thermally-operated  X* 
of  this  fcype  has  an  inverse  time  element  (§  344*) 

applied  successfully  to  air-break  circuit-breB-dcc  a&.tri~3ring 

capacities  from  15  to  250  A,  at  low  or  medium  pxros^-^^^  J).  &.  or 
AC. 

In  order  that  a  mechanical  trip  gear  may  be  a'c^3'lXa,t:<^cl  fc>yr  the 
plunger  of  a  low-power  trip  coil  (the  latter  hoi  *i£g  e:5Cei'beci  1x3^  ariy 
one  of  a  number  of  relays,  §  344)  it  may  have  to  t>  e  form 

of  a  multiple  lever  so  that  a  small  force  at  tlxe  pdnngex"  o^erts 
considerable  force  at  the  actual  point  of  tripping*.  T*lio  xxxeob-^xiical 
details  of  trip  mechanisms  vary  greatly  and  need  no-fc  ^osoxdbed. 
The  main  essentials  are  that  the  gear  should  bo  sorxsiti^o  -without 
being  liable  to  operation  by  vibration;  and  tli*xt  ifc  slxoxxld  be 
capable  of  accurate  adjustment  and  free  from  slnolenoss  or  sticking. 
Hard  steel  inserts  reduce  wear  at  the  trigger  amd  1  ixfcctt>  auxxd  txrass 
sleeves  and  washers  prevent  ‘ rusting  up/  If  it  i «  nirr-^trigecl  that 
the  switch  is  always  opened  (whether  deliberately  or*  automatically) 
by  means  of  the  trip  gear,  the  latter  is  kept  in  free  vvxxr  Icing*  order. 
The  tripping  mechanism  should  always  be  at  tlxo  s^vitch,  so  that 
the  mass  of  moving  parts  to  be  accelerated  by  tiro  spring's  -which 
open  the  switch  is  reduced  to  a  minimum,  b\it  it  should  be  so 
placed  with  regard  to  the  live  parts  that  it  can  be  inspected  and 
adjusted  whilst  the  switch  is  in  service. 

The  British  standard  limits  of  operation  fox*  closing  axicl  trip¬ 
ping  coils,  low-voltage,  overload,  and  reverse  devices  for  air-  and 
oil-break  circuit  breakers  are  given  in  Reports  TSTos*.  llO  a,xic3L  116. 
Sometimes  the  overload  trip  coil  can  be  actuated  diireetly"  from  the 
main  circuit  (through  a  current  transformer,  §  108,  if  necessary), 
but  the  advantage  of  controlling  the  tripping  Toy  relays  i<^  that 
the  latter  are  built  as  precision  instruments  auxd  therefore  make 
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possible  very  accurate  control.  Overload  and  low  voltage  tripping 
are  the  minimum  automatic  features  which  should  be  provided  on 
circuit  breakers,  and  there  is  no  difficulty  in  applying  also  reverse 
power,  leakage,  and  various  selective  systems  of  protection  {see 
Chapter  15). 

The  time  elapsing  between  the  incidence  of  a  short  circuit  or 
other  fault  and  the  opening  of  the  main  circuit  breaker  is  an 
important  consideration.  As  explained  in  §  344  a  definite  or  an 
inverse  time  lag  may  be  introduced  deliberately  in  the  action  of 
the  relay,  but  in  the  case  of  an  oil-immersed  circuit  breaker 
intended  to  open  ‘  instantaneously  ’  on  short  circuit,  the  relay 
closes  and  the  trip  coil  is  fully  energised  within  say  OT  sec.,  and 
the  main  contacts  are  separated  within  say  02  sec.  from  the 
incidence  of  the  short  circuit.  The  arc  is  generally  extinguished 
in  less  than  1  cycle  (i.e.  less  than  0*02  sec.  in  the  case  of  50-cycle 
A.O.)  after  the  arcing  tips  separate  and  in  no  case  should  it  persist 
for  more  than  a  few  cycles.  The  moving  parts  of  the  switch  are 
accelerated,  moved  to  the  end  of  their  stroke,  and  brought  to  rest 
in  less  than  1  sec.,  and  in  order  that  there  may  be  no  violent 
mechanical  shock  at  the  end  of  the  stroke,  the  moving  parts  are 
generally  brought  smoothly  to  rest  by  arranging  that  the  tubular 
guides  act  as  dashpots,  or  by  equivalent  means. 

D.C.  generators  and  rotary  converters,  particularly  those 
supplying  high  voltage  direct  current  ( e.g .  1  500  V  or  3  000  V  for 
traction),  are  liable  to  flash-over  on  the  commutator  in  the  event 
of  a  short  circuit  on  the  D.C.  system.  It  has  been  found  that 
such  flashing- over  can  be  prevented  if  the  generator  or  converter 
is  protected  by  a  circuit  breaker  capable  of  operating  and  reducing 
the  current  below  the  flashing  value  in  less  time  than  is  required 
for  a  commutator  bar  to  pass  from  one  brush  arm  to  the  next.  A 
standard  air-break  circuit  breaker  may  operate  in  about  OT  sec. 
but,  by  eliminating  mechanical  trip  gear  and  reducing  the  inertia 
of  the  moving  parts,  high-speed  circuit  breakers  have  been  developed 
which  operate  in  0*005-0*01  sec.  These  circuit  breakers  are 
effective  in  preventing  flash-over  on  dynamo  or  converter  com¬ 
mutators,  but  such  rapid  operation  is  undesirable  in  AO.  circuit 
breakers  because  it  would  increase  the  shock  to  the  system  and 
increase  the  breaking  capacity  required  in  the  circuit  breaker  without 
effecting  any  useful  purpose. 

373.  Interlocks  and  Indicating  Devices. — Mechanical  and 
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electrical  4  interlocks  ’  are  of  vital  importance  in  the  safe  manipu¬ 
lation  of  electrical  switchgear,  and  they  are  used  in  an  endless 
variety  of  forms.  Whilst  the  details  may  be  modified  to  suit  any 
requirements,  the  principles  involved  are  few  and  simple.  As  an 
example  of  mechanical  interlocking,  a  switch  handle  may  be  provided 
with  an  extension  piece  or  coupled  to  a  rod  which  acts  as  a  bolt, 
making  it  impossible  to  open  the  cover  or  enclosure  of  the  switch 
until  the  switch  handle  is  c  off 5 ;  and  equally  impossible  to  put 
the  switch  handle  into  the  ‘  on 5  position  until  the  cover  or  enclosure 
is  closed  Again,  interlocking  devices  similar  to  those  used  in  a 
railway  signalling-frame  may  be  employed  to  ensure  that  certain 
switches  are  not  closed  simultaneously,  or  that  switches  are  closed 
only  in  a  predetermined  sequence.  The  latter  function  is  easily 
performed  by  electrical  interlocking,  it  being  then  arranged  that 
switch  A  closes  a  circuit  which  must  be  closed  before  switch  B  is 
unlocked  or  operated  automatically  (by  a  solenoid),  as  the  case  may 
be.  In  draw-out  type  switchboards  (§  380)  it  is  made  mechani¬ 
cally  impossible  for  any  parts  to  be  £  live 5  whilst  they  are 
accessible. 

•  It  is  generally  evident  by  inspection  whether  an  open-type, 
manually  operated  switch  is  c  off 9  or  ‘  on,'  but  wherever  the  switch 
is  concealed  or  enclosed  it  is  necessary  to  have  a  definite  indication 
of  its  position.  This  may  be  provided  by  attaching  £  on  ’  and 
‘  off  ’  labels  to  the  operating  handle  in  such  a  way  that  only  the 
appropriate  legend  is  visible  through  an  aperture  provided  for  the 
purpose.  Red  and  green  lamps  (or  preferably  plain  lamps  behind 
red  and  green  lenses)  are  used  extensively  to  indicate  the  setting  of 
a  switch,  auxiliary  circuits  being  arranged  so  that  the  red  light  is 
shown  when  the  switch  is  ‘  on  *  and  the  green  light  when  it  is 
‘off’  It  is  becoming  increasingly  common  to  provide  switch¬ 
boards  with  key  diagrams  made  on  translucent  glass  and  provided 
with  lamps  interlocked  electrically  with  the  main  switchgear  so 
that  the  actual  circuits  completed  are  illuminated  from  the  back  of 
the  diagram. 

A  complete  system  of  automatic  indicators  and  alarms  is  very 
necessary  where  the  switchgear  is  remote-controlled.  Audible 
alarms  (bells  or  hooters)  may  be  given  automatically  in  the  event 
of  circuit  breakers  opening,  lightning  arresters  operating,  over¬ 
heating  in  bearings,  or  interruption  or  other  irregularity  in  the 
supply  of  ventilating  air,  circulating  water,  etc.  One  alarm  may 
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be  common  to  all  these  causes,  discrimination  being  effected  by  an 
annunciator  similar  to  that  used  in  ordinary  bell-circuits. 

A  red  lamp  and  audible  alarm  are  desirable  to  indicate  failure 
in  a  potential  circuit  (voltmeter  or  wattmeter  pressure  circuit)  due 
to  blown  fuses  or  broken  leads. 

374.  Special  Switches. — An  important  type  of  switch  not 
hitherto  mentioned  is  the  ‘  faceplate  5  type,  as  exemplified  in  the 
majority  of  motor  starters,  Chapter  29.  In  this  type  of  switch, 
which  is  also  much  used  for  selecting  instrument  circuits,  a  series 
of  circuit-contacts  are  mounted  on  an  insulating  baseplate  and  a 
moving  contact  (generally  of  the  laminated  brush  type)  is  moved 
parallel  to  the  baseplate  (either  on  the  arc  of  a  circle  or  along  a 
guide  rod)  so  as  to  touch  the  appropriate  contact  stud  or  studs. 
There  is  considerable  friction  between  the  moving  and  fixed  con¬ 
tacts  if  the  dimensions  and  bearing  pressure  are  sufficient  to  permit 
heavy  currents  to  be  carried  safely.  Except  for  weak  current 
circuits  this  type  of  switch  is  not  suitable  for  interrupting  current 
as  a  ‘  quick  break  *  in  the  accepted  sense  of  the  term  is  not 
possible.  To  eliminate  arcing  on  the  contacts  of  a  faceplate  motor 
starter  it  is  often  arranged  that  the  current  is  always  interrupted 
at  a  4  contactor  5  in  the  circuit.  The  term  £  contactor  5  is  applied 
to  switches  (air  break  or  oil-immersed)  which  are  capable  of  break¬ 
ing  a  load  current  and  which  are  operated  eleetromagnetically — 
especially  in  connection  with  the  control  of  motors.  For  currents 
up  to  500  or  600  A,  the  moving  contact  is  generally  solid  and 
arranged  to  give  a  rolling  motion  on  the  fixed  contact  as  the  con¬ 
tactor  closes  or  opens.  In  heavy-current  contactors,  or  medium- 
current  contactors  which  have  to  carry  full  load  for  long  periods, 
the  moving  contact  is  of  the  laminated-brush  type  (§  365)  and  may 
be  moved  on  a  straight  line  perpendicular  to  the  plane  of  the  fixed 
contacts  by  the  action  of  a  solenoid,  or  it  may  be  moved  on  the 
arc  of  a  circle  by  means  of  a  bell-crank  mechanism.  Air-break 
contactors  are  used  largely  for  the  control  of  traction  motors,  and 
for  motors  in  heavy  industrial  service,  generally  for  pressures  not 
exceeding  660  V  but  sometimes  for  pressures  up  to  3  300  V,  three- 
phase.  There  is  no  basic  distinction  between  contactors  and  circuit 
breakers  (air-break  or  oil-immersed,  as  the  case  may  be). 

Switches  differing  indefinitely  in  details  of  mechanical  construc¬ 
tion  and  electrical  connection  are  used  for  ‘  multi-way *  switching. 
A  few  typical  methods  are  illustrated  diagrammatically  in  Figs, 
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85-90  ;  some  special  switches  used  in  the  control  of  lighting  circuits 
are  described  in  Chapter  21 ;  and  various  types  of  motor  starters 
are  described  in  Chapter  29. 


Fig.  85.— Single-  Fig.  86.  —  Double  -pc^e  Fig.  87. — Switch  closing 
pole  mu  tiway  switch  selecting  one  of  cne  of  several  indepen- 

switch  selecting  several  loads.  dent  circuits  (c/.  Fig.  90). 

one  of  several 
loads. 

In  Fig.  85,  the  pivoted  switch  arm,  S,  connects  A  to  one  terminal  of  any  one  of 
four  loads  1,  2,  3,  4 ;  the  other  terminals  of  the  latter  being  permanently  connected 
to  B.  For  purposes  of  isolation  there  must  be  a  double-pole  switch  between  AB 
and  the  supply. 

In  Fig.  86  the  two  switch  arms,  S,  coupled  mechanically  by  the  insulating 


Fig.  88. — Double-pole  Fig.  89.  —  Fig.  90. — Switch  closing  one 

change-over  switch.  Change-over  of  three  circuits  ( cf .  Fig.  87). 

switch  closing 
either  of  two 
independent 
circuits. 

piece,  T,  connect  the  supply  leads,  AB,  to  any  one  of  the  loads  1,  2,  8.  In  this  case 
the  load  circuits  are  electrically  independent  and,  if  SS  has  an  ‘  off  ’  position,  it 
can  serve  as  the  double-pole  switch  between  the  mains  and  the  load  circuits. 

The  switch  arm,  S,  in  Fig.  87,  is  a  purely  mechanical  device.  It  carries  the 
contact-bridge,  A  (from  which  it  is  insulated  at  B) ,  and  this  bridge  closes  any  one  of 
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three  circuits  1,  2,  3  which  are  electrically  independent  and  may  have  different 
sources  of  supply. 

The  double-pole  switch,  SS,  Pig.  88,  has  extension  blades,  TP  (at  say  135°  with 
SS)  so  that  the  leads,  EB,  can  be  connected  either  to  AB  or  to  CD,  according  to 
whether  the  switch  is  closed  in  the  up  or  the  down  position.  In  some  cases  a  single 
pair  of  blades,  SS,  is  swung  through  180°  to  effect  the  alternative  connection.  By 
either  method  only  one  of  the  two  connections  can  he  made  at  once. 

In  Pig.  89  the  arm,  SP,  carries  insulated  contact-bridges,  AB,  which  close  either 
circuit  1  or  circuit  2  (cf.  Fig.  87).  Similarly,  in  Pig.  90,  the  switch  blade,  S,  is 
moved  by  the  rod,  R,  along  the  dotted  axis  to  close  any  one  of  three  circuits  (possibly 
electrically  independent)  which  are  connected  to  the  contacts  1,  1 ;  %  2  ;  and  3,  S. 

The  ‘  drum  controller  ’  (se&  also  Chapter  29)  is  a  development  of  the  principle 
illustrated  in  Pigs.  87,  89,  and  90,  a  spindle  carrying  contact-segments  being  rotated 
about  an  axis  parallel  with  a  row  of  contact-fingers  between  which  the  segments 
effect  any  desired  sequence  of  connections. 

Typical  of  switches  which  are  ‘  special  ’  in  the  method  by 
which  they  are  operated,  rather  than  in  the  switching  which  they 
perforin,  are  time  switches  (operated  by  a  clock),  and  current- 
limiter  switches  which  open  circuit  or  produce  a  flicker  when  the 
demand  of  a  circuit  exceeds  a  predetermined  value  (§  272). 

375.  Fuses. — The  protective  action  and  rating  of  fuses  has 
already  been  discussed  in  §  342.  The  simplest  mounting  for  a 
fuse  is  between  two  terminals  (on  an  insulating  base)  to  which 
are  connected  the  circuit  wires  on  each  side  of  the  fuse.  Such  an 
fopen:  fuse  wire  is,  however,  very  dangerous;  when  the  fuse 
‘  blows  ’  molten  metal  may  injure  a  bystander  or  start  a  fire. 
The  fuse  should  be  so  cased  in  and  arranged  that  its  melting 
causes  no  damage  to  the  surroundings.  Small  fuses  for  house¬ 
lighting  circuits  *  are  commonly  mounted  between  brass  terminal 
plates  which  are  carried  by  a  porcelain  block  and  separated  by 
a  porcelain  partition  round  or  through  which  the  fuse  wire  is 
threaded ;  the  whole  is  enclosed  by  a  screw-on  porcelain  cover. 
Before  renewing  such  a  fuse,  the  switch  controlling  the  circuit 
must  be  opened,  otherwise,  if  the  fault  be  still  present,  the  new 
fuse  will  blow  directly  it  completes  the  circuit  and  may  seriously 
injure  the  operator.  This  risk  is  eliminated  by  mounting  the 
fuse  in  a  porcelain  tube  which  is  provided  with  a  terminal  block 
at  each  end ;  these  blocks  make  contact  with  spring  clips  on  an 
insulating  base,  the  clips  being  connected  to  the  circuit  wires. 
The  porcelain  tube  is  shaped  externally  as  a  hand-grip  or  handle 

*  Seldom  used  now,  as  all  fuses  are  concentrated  in  the  distribution  boards, 
see  Chapter  22. 
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and,  to  renew  the  fuse,  the  porcelain  carrier  must  be  withdrawn 
completely  from  the  live  terminals  ;  even  if  the  fuse  blows  directly 
the  carrier  is  replaced  in  the  clips,  the  porcelain  tube  protects  the 
operator  from  injury.  The  carrier  can  be  formed  with  a  hood  at 
each  end  to  cover  the  live  clips  and  make  it  impossible  for  the 
operator  to  touch  the  latter  when  removing  or  replacing  the  carrier. 

The  totally  enclosed  or  cartridge  fuse  is  similar  to  the  porcelain 
tube  type  in  general  construction  but  the  tube  is  of  fibre  or  card¬ 
board  and  is  filled  with  incombustible  powder  which  helps  to 
prevent  arcing  when  the  fuse  blows.  In  the  porcelain-grip  fuse 
the  same  end  may  be  attained  by  threading  the  fuse  wire  through 
a  tortuous  channel.  It  is  generally  impossible  to  fit  a  new  wire 
to  a  cartridge  fuse,  and,  by  using  cases  of  different  dimensions,  it 
can  be  ensured  that  only  fuses  of  the  intended  rating  are  inserted 
between  a  particular  pair  of  terminals.  This  advantage  is  shared 
by  the  screw  plug  type  of  fuse  which  is  essentially  a  shoi't 
cartridge  fuse  arranged  to  screw  into  a  socket  and  make  contact 
between  two  terminals  on  the  same  principle  as  the  screw-cap 
lampholder. 

For  industrial  service  porcelain  grip  fuses  are  commonly 
mounted  inside  a  cast-iron  case  together  with  switches  which  are 
interlocked  (§  373)  with  the  cover  of  the  case  so  that  the  cover 
cannot  be  opened  until  the  switch  is  open ;  neither  can  the  switch 
be  closed  whilst  the  cover  is  open.  The  fuses  being  on  the  load 
side  of  the  switch  the  fuse  clips  are  dead  whilst  the  cover  is  open 
and  there  can  be  no  4  open  sparking.’  For  use  in  explosive  atmos¬ 
pheres  the  case  and  its  cover  are  stronger  and  have  wide  machined 
joints  to  render  them  ‘  flame-proof  ’  (§  366).  House-service  fuses 
are  of  the  porcelain  grip  type  mounted,  generally  without  switches, 
in  a  small  iron  case  which  is  sealed  to  prevent  tampering.  If  the 
fuses  for  each  pole  are  in  separate  cases,  the  latter  should  be 
mounted  side  by  side  so  as  both  to  open  inwards,  the  distance 
between  the  cases  being  insufficient  to  allow  both  cases  to  be  open 
at  once.  The  fuses  for  both  poles  may  be  mounted  in  a  single 
casing  if  provision  be  made  to  prevent  accidental  short  circuiting. 
The  cover  is  often  lined  with  asbestos,  and  asbestos-covered  fuse 
wire  is  often  employed.  Cut-outs  of  this  type  are  suitable  for 
pressures  up  to  600  V.  Combined  switch  and  fuse  units  for  in¬ 
dustrial  service  can  be  built  for  any  desired  pressure. 

An  alternative  to  the  explosion-proof  air-break  switch  and  fuse 
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for  mining  Horvic.o  is  tho  combined  oil  switch  and  fuse  shown 
di, •grammatically  in  Pig.  91.  The  fuse  wire,  F,  forms  the  connect¬ 
ing  link  between  the  moving  contacts,  A,  B,  and  is  always  sub¬ 
merged  in  oil,  except  when  the  tank  is  lowered  to  allow  the  fuse 
to  be  replaced.  The  rating  of  the  fuse  is,  of  course,  much  higher 
in  oil  than  in  air. 

#  *  hl-immersod  fuses  carried  by  a  porcelain  cover  with  hand 
^rip  worn  formerly  used  on  switchboards  for  high  power  and  high 
voltage,  but  it  was  found  that  tho  blowing  of  the  fuse  on  short 
circuit  was  of.  explosive  violence,  the  fuse  tank  being  often 
shattered  and  the  oil  causing  a  dangerous  fire.  Oil-immersed 
switches  with  overload  trip-gear  are  therefore  now  used  almost 
invariably  for  all  high-powor  circuits  n 

and  for  most  circuits  above  600  V.  f  i 

The  most  successful  type  of  high 
tension  fuse  consists  of  a  short  fuse  S  g  P 

wire,  held  in  tension  by  a  spiral  - 

spring,  the  whole  being  enclosed  in 
a  long  glass  tube  which  is  filled  with  F\  U 

carbon  tetrachloride.  When  tho  fuse  A-  —^  B  If® 
blows,  the  spring  contracts  and  a  M  fyl  fi I 

Hjx?cially-shaped  piston  piece  at-  ttt  W  ^ 

inched  to  it  forces  tho  liquid  . 

(which  is  non-inflammable  and  an 
insulator)  on  to  the  arc  This  type 

of  fuse  is  quite  reliable  for  the  pro-  Fra.  91.~Oil-immorsod  switch 
lection  of  potential  transformer 

circuits  and  of  the  main  circuits  of  tho  average  industrial  con¬ 
sumer  taking  A,C.  supply  at,  say,  (>  600  V  ;  and  it  is  claimed 
that  it  can  safely  be  used  in  generator  and  other  main  circuits  of 
1 5  000-20  000  k W.  at  pressures  up  to  66  000  V. 

RE.S.A.  Report  No.  88  standardises  four  sizes  of  cut-out  for 
use*  in  low-pressure  circuits  (not  exceeding  250  V),  the  maximum 
working  currents  being  respectively  10,  80,  60  and  100  A  and  the 
corresponding  fusing  currents  30,  60,  120  and  200  A.  ‘  Ordinary 
duty/  to  which  alone  these  cut-outs  are  applicable,  is  taken  to 
mean  that  the  maximum  short-circuit  current  in  the  circuit  cannot 
exceed  1  000,  2  000,  4  000  or  6  500  A  for  the  respective  standard 
nizm  of  cut-out  (' i.e .  from  100  to  65  times  tho  maximum  working 
currents). 


Fra.  91. — Oil-iminorsod  switch 
unci  fuse. 
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376.  Types  of  Switchboards. — The  main  types  of  switch¬ 
board  to  be  considered  are  :  (1)  The  panel  type  (§  377),  in  which 
the  switchgear  and  instruments  for  a  particular  machine,  feeder, 
etc.,  are  mounted  on  a  panel  and  in  an  undivided  enclosure  behind 
the  latter.  (2)  The  cellular  type  (§  378),  in  which  each  of  the  main 
elements  of  the  switchgear  for  the  machine,  feeder,  etc.,  is  enclosed 
in  a  separate  compartment  behind,  or  away  from,  the  panel  on 
which  the  control  levers  and  indicating  instruments  are  mounted. 
(3)  The  ironclad  and  mining  types  (§  379),  in  which  ironclad  or 
flameproof  switch-gear  is  assembled  on  structural  steelwork  sup¬ 
ports,  the  bus  bars,  instruments  and  connections  being  enclosed 
like  the  switchgear ;  or  the  whole  may  be  arranged  as  an  ironclad 
pillar.  (4)  Draw-out  type  boards  (§  380)  which  may  be  of  the 
ironclad  pillar  pattern  or  the  panel  pattern,  the  characteristic 
feature  in  either  case  being  the  disconnection  of  the  gear  from  the 
bus  bars  by  the  act  of  drawing  it  forward  on  runways.  (5)  Out¬ 
door  assemblies  of  weather-proof  switchgear  (§  381). 

377.  Panel-Type  Switchboards. — There  are  still  in  use  many 
low-tension  switchboards  with  the  contacts  of  the  switches  mounted 
on  the  front  of  slate  or  marble  panels  ;  the  stems  of  the  contacts 
lead  through  the  panel,  and  nuts  at  the  back  hold  the  contacts  to 
the  panel  and  clamp  cable  lugs,  etc.,  to  the  contact  stems.  On  the 
front  of  the  panels  are  open-type  knife  switches,  field-regulating 
rheostats,  etc.  ;  also,  the  measuring  instruments  and,  at  the  top  of 
the  panels  (so  that  the  arcs  have  a  clear  path  upwards),  the  air- 
break  circuit  breakers.  Even  where  none  but  skilled  attendance 
is  provided  such  open-type  panels  are  dangerous  for  any  higher 
pressure  than  250  /  500  V,  3-wire,  D.C.,  and  the  trend  of  modern 
design  is  to  place  nothing  but  the  control  handles  and  indicsfting 
instruments  on  the  fronts  of  panels,  all  the  live  parts  being  pro¬ 
tected  from  accidental  contact. 

Early  high-voltage  switchboards  were  often  of  the  open  type 
with  both  switches  and  connections  on  the  front  of  the  panels,  the 
risk  of  accidental  contact,  short-circuit,  and  flash-over  being  re¬ 
duced  by  placing  barriers  of  slate  between  the  components  at  right 
angles  to  the  panels.  The  modern  cellular  switchboard  (§  378)  is 
a  development  of  this  principle. 

There  is  little  advantage  in  using  slate  or  marble  panels  for  any 
but  low- voltage  boards.  Apparatus  for  pressures  exceeding  650  V 
is  usually  insulated  by  porcelain  and  carried  by  steel  or  cast- 


SWITCHGEAR  AND  SWITCHBOARDS 


378 


iron  supports  on  a  rolled  steel  framework.  A  typical  panel- 
type  board  for  high-voltage  circuits  comprises  a  framework  of 
channel  and  angle  irons  with  sheet-steel  front  panels.  An  en¬ 
closure  is  made  behind  each  panel  by  sheet  steel  or  expanded 
metal  partitions  and  a  door  at  the  back  gives  access  to  each 
cubicle  from  a  gangway  between  the  ‘  board  5  and  the  wall.  The 
control  levers  project  through  the  front  panel,  and  the  latter  carries 
the  indicating  instruments.  When  the  doors  are  closed  all  the  live 
parts  are  completely  inaccessible,  and  the  doors  may  be  interlocked 
with  isolating  switches  so  that  the  gear  in  the  cubicle  cannot  be 
live  whilst  the  door  is  open  (unless  it  is  deliberately  made  live  for 
purposes  of  testing).  The  whole  o£  the  metal  framework,  panel¬ 
ling,  etc.,  is  bonded  together  and  connected  permanently  to  earth 

378.  Cellular  Type  Switchboards. — In  these  boards,  metal  or 
insulating  sheets,  or  brickwork  or  concrete  partitions,  are  placed 
between  panels  and,  to  a  greater  or  less  degree,  between  the  com¬ 
ponent  parts  of  the  equipment  on  each  panel.  The  aim  is  to 
establish  mechanical  barriers  (insulating  or  of  earthed  metal) 
between  phases  and,  as  far  as  possible,  between  individual  pieces 
of  apparatus.  The  trend  of  modern  construction  is  towards  the 
use  of  concrete  walls  and  partitions  in  conjunction  with  a  structural 
steel  framework.  The  latter  is  arranged  so  that  there  is  a  minimum 
of  earthed  metal  in  the  cubicles  of  the  board  and  so  that  doors  and 
other  fittings  can  be  mounted  by  the  maker  of  the  board  without 
demanding  special  accuracy  in  the  erection  of  the  concrete  or 
moulded  stone  slabs  at  the  site.  Concrete  or  moulded  stone 
is  more  convenient  to  use  and  more  compact  than  brickwork, 
and  it  withstands  arcing  or  explosions  better  than  steel  or 
thin  sheets  of  insulating  composition ;  also  it  can  be  moulded 
with  holes,  sea  tings,  etc. ,  for  attachments.  Thoroughfare  insulators 
are  used  to  carry  connections  through  the  concrete  partitions  in 
the  cubicle  structure. 

A  concrete  or  similar  partition  gives  the  same  operating  safety 
as  a  much  greater  air  gap  between  live  parts  and  this  favours  com¬ 
pact  construction.  On  the  other  hand,  the  minimum  permissible 
clearance  to  earth  must  be  allowed  between  partitions  and  the  gear 
enclosed  and  every  partition  must  be  at  least  2  ins.  thick ;  also,  for 
practical  reasons,  the  cells  must  be  rectangular  and  of  uniform 
depth,  so  that  too  much  space  is  occupied  if  the  cellular  principle 
be  carried  too  far.  More  compact  construction  is  possible  if  doors 

547 


§  379  ELECTRICAL  ENGINEERING  PRACTICE 

can  be  provided  in  both  the  back  and  the  front  of  the  board. 
The  bus  bars  may  be  mounted  in  concrete  troughs  along  the  top 
of  the  board  or,  where  duplicate  bus  bars  are  used,  at  the  hack 
and  front  of  the  top  compartment  in  the  board.  The  isolating 
links  occupy  a  cell  immediately  below  the  bus  bars.  The  oil 
switch  stands  on  the  floor,  and  behind  it  (in  separate  cells,  if  access 
can  be  had  to  the  back  as  well  as  the  front  of  the  board)  may  be 
the  instrument  transformers  and  the  protective  transformer. 
There  are  many  other  possible  arrangements.  The  vent  pipe  from 
the  oil  switch  discharges  outside  the  cubicle. 

Switchgear  in  this  type  of  board  is  generally  ‘remote-con¬ 
trolled* — either  mechanically  or  electrically  from  a  control  desk 
on  which  also  are  mounted  all  the  indicating,  recording,  and  syn¬ 
chronising  instruments,  etc.  The  construction  is  costly  if  the 
subdivision  be  thorough  and  of  substantial  construction,  and  if  the 
individual  cells  be  largo  enough  for  convenience  in  access.  On  the 
other  hand,  the  strong  walls  and  partitions  are  valuable,  from  the 
mechanical  standpoint  in  that  they  afford  substantial  supports  for 
the  gear ;  and  the  barriers  undoubtedly  reduce  the  risk  of  acci¬ 
dental  short  circuiting  by  tools,  etc.,  and  prevent  the  spreading  of 
damage  by  fire  or  flash-over. 

379.  Ironclad  and  Flameproof  Switchboards.— The  switch¬ 
boards  described  under  this  heading  are  particularly  useful  for 
general  industrial  service.  They  are  compact  and  simple,  and  all 
the  components  are  protected  against  mechanical  injury  and  against 
accidental  contact  with  live  parts.  For  low  and  medium  voltage 
circuits,  in  situations  where  the  atmosphere  is  not  explosive,  the 
board  may  bo  built  up  from  ironclad  air-break  switches,  ironclad 
fuses,  and  ironclad  instruments  mounted  on  a  supporting  frame¬ 
work  of  angle  irons  or  stool  tubing.  Connections  between  the  iron¬ 
clad  components  may  be  by  insulated  conductors  enclosed  in  steel 
conduit,  or  the  casings  of  the  components  may  be  designed  so  that 
they  can  be  bolted  together  directly  ;  with  the  latter  arrangement 
the  various  components  can  be  supported  by  a  cast-iron  pedestal 
or  pillar  instead  of  a  framework  of  tubing  or  rolled  sections. 
Whichever  of  these  arrangements  bo  employed,  the  casings  and  the 
supporting  structure — in  fact  all  exposed  metal—  is  permanently 
earthed. 

The  unit;  method  of  construction  of  ironclad  switchboards  is  by  no  means 
limited  to  simple  distributing  boards.  Thus  Fig.  92  shows  the  connections  of  the 

KA  Q 


Ferguson,  Pail  in,  Ltd. 


Control  Board  and  EhH.T.  Cells  with  Mechanical  Remote -Control. 

The  cells  are  of  moulded  stone  having  steel  doors  provided  with  reinforced  glass 
windows.  The  oil-immersed  circuit  breakers  have  a  rated  rupturing  capacity  of 
250  00 J  kVA.  A  separate  welded-steel  elliptical  tank  is  provided  for  each  pole  and  is 
fitted  with  a  treated  wood  lining.  The  generator  breakers  are  provided  with  a  half- 
cock  synchronising  position.  Remote  control  is  effected  by  a  special  system  of  levers 
with  pipe  drive. 

Stonework  Cubicle-Tvpe 
Switchboard. 

The  cubicle  is  built  up  of  moulded 
stone  slabs  cemented  into  a  wroughfc- 
iron  framework ;  the  latter  takes  all 
shocks  and  stresses  of  operation.  The 
illustration  show's  the  oil  circuit  breaker 
with  its  closing  contactor,  tbe  oil- 
immersed  potential  transfonners  with 
primary  fuses,  and  the  isolating  switches 
for  one  set  of  bus  bars.  Similar  cubicles, 
on  the  other  side  of  the  central  wall, 
accommodate  t  h  e  i  solators  for  th  e  second 
set  of  bus  bars,  the  current  transform¬ 
ers,  and  (for  ring  mains)  the  isolators 
on  the  feeder  side  of  the  oil  circuit 
breaker.  The  bus  bars  are  in  moulded 
stone  troughs  along  the  top  of  the 
cubicle,  and  the  steel  doors  for  the  isola¬ 
tor  compartments  are  separate  from 
the  main  doors.  The  circuit  breaker 
vent  pipes  are  not  in  position  in  the 
illustration,  and  the  phase  barriers  be¬ 
tween  the  potential  transformers  have 
been  removed  to  make  way  for  a  special 
transformer,  hut  the  grooves  for  them 
can  be  seen. 
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Ironclad  Switchboard  Built  on  the  Unit  Principle. 

The  board  illustrated  includes  all  the  switchgear  necessary  for  the  control  oi  two 
pairs  of  8 -wire  generators  and  fourteen  feeders  ( see  also  Fig.  92).  It  is  built  in  four 
sections  for  easy  handling  and  shipping.  Similar  assemblies,  with  flameproof  gear 
throughout,  are  supplied  for  use  in  fiery  mines  or  other  situations  where  the  atmos¬ 
phere  is  explosive. 


Totally -Enclosed  Switchgear 
op  Unit  Construction. 

This  type  of  switchgear  is  equally 
suitable  for  mining  service  or  for 
industrial  service  indoors  or  outdoors. 
It  can  be  mounted  on  wall  or  pedes¬ 
tal,  and  can  be  used  with  draw-out 
or  non-drawout  circuit  breaker.  In 
the  draw-out  pattern  illustrated,  the 
shrouded  sockets  render  accidental 
contact  impossible,  and  the  safety 
interlocks  eliminate  all  risk  of  ‘  open 
sparking.’  Cable  boxes  or  conduit 
fittings  can  be  attached  to  the  top, 
bottom,  or  back  of  the  connection 
chamber  (behind  the  socket  cham¬ 
ber),  and  the  bus  bar  chambers  (below 
the  sockets)  can  be  bolted  together 
to  form  a  continuous  chamber  for  a 
complete  switchboard. 


British  Thomson- Houston  Co. ,  Ltd. 
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hoard  illust  rat  ed  opposite  for  the  control  of  two  pairs  of  400  1 200  V,  3-wire, 
f>J*.  p»*m*ra?»*rs,  ten  100  V  feeder*,  and  four  200  V  fooders.  Mach  pair  of  genera’ 
u'r  '  i  ;  «,0*>trolled  by  a  d«mble  pole  overload  and  revorso-cairronb  circuit  breaker  and 
a  double -poll*  switch.  I  >oublo-p«lo  equalising  switches  are  also  provided  for 
equalising  the  aeries  windings  of  the  generators.  Each  generator  nas  its  own 
moving  mil  ammeter,  and  a  voltmeter  with  voltmeter  switch  is  provided  for  oach 
pair  of  generators.  Emir  shunt  regulators,  ono  for  oach  generator,  are  mounted 
at  the  bottom  of  the  generator  panels.  Each  of  tho  outgoing  feeder  panels  con¬ 
sists  of  a  double  pul**  irorudad  swiU-h  with  double-pole  fuse  box.  Tho  400  V  feeders 
arc  connected  between  the  two  outer  bus  bars,  and  tho  200  V  feeders  aro  connected 
between  outer  bar  and  inner,  and  balanced.  The  cable  fittings  for  tho  feeder 
panels  are  all  suitable  for  two-eore,  wire -armoured  cable,  those  for  tho  generator 
eomn-tioiH  being  arranged  for  V.I.It.  cable.  Each  pair  of  generators  is  driven 
hv  an  A.(.  uieh.r  mounted  between  them,  the  switchgear  for  the  motors  boing 
separate  from  th  j  l>  (1.  switchboard. 


Em,  02.  Oon n *3C lions  of  switchboard  for  the  control  of  8- wire  generators  and 
feeders  (nee  alxo  Plato  opposite), 


For  mining  service  tho  switchgear  must  bo  flameproof  (§  366) 
ami  thorn  in  a  tendency  to  employ  standard  ‘  mining-type  ’  switch- 
IxMtnis  for  other  industrial  services  where  the  atmosphere  may  be 
more  or  less  explosive  or  where  rough  usage,  moisture,  etc.,  may 
be  expocted,  In  such  cases,  and  for  any  pressure  higher  than  600 
V  (whether  the  atmosphere  be  explosive  or  not),  it  is  usual  to  em¬ 
ploy  oil  switches. 

Whether  tho  gear  bo  flameproof  or  simply  ‘ironclad/  and 
whether  air-break  or  oil-immersed  switches  be  used,  the  general 
arrangement  is  the  same,  Tho  casings  of  the  components,  together 
with  the  conduit  (if  any)  between  components,  form  an  earthed 
metallic  enclosure  for  the  live  parts  and  connections.  The  covers 
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are  interlocked  so  that  no  live  parts  can  be  inadvertently  exposed. 
Cables  are  led  in  through  watertight  glands,  conduit  fittings,  or 
sealing  boxes  filled  with  insulating  compound,  as  the  case  may  be. 
In  the  case  of  assemblies  representing  several  ‘  panels/  the  compon¬ 
ents  of  each  panel  and  the  panels  themselves  are  built  together  on 
the  unit  principle.  The  bus  bars  which  run  through  the  group  of 
‘  panels  ’  are  encased  like  the  rest  of  the  gear ;  they  may  be  bare 
and  mounted  on  porcelain  insulators,  or  micarta-sheathed  and 
carried  by  insulating  bushings,  or  bare  rods  supported  by  bridge- 
pieces  may  be  ‘run  solid’  with  insulating  compound.  Any 
measuring  instruments  required  may  be  mounted  beneath  cast-iron 
covers  with  reinforced  glass  windows  ;  automatic  releases  are  simi¬ 
larly  protected.  There  is  no  limit  to  the  number  and  variety  of 
components  which  can  be  assembled  to  provide  a  switchboard  for 
any  desired  purpose. 

380.  Draw-out  Switchboards. — The  draw-out  type  of  switch¬ 
board  originated  by  the  firm  of  Reyrolle  is  now  made  in  a  number  of 
patterns,  the  essential  feature  being  that  the  whole  of  the  switch- 
gear  is  mounted  on  some  form  of  carriage  and  is  entirely  isolated 
(i.e.  ‘dead’)  when  the  carriage  is  drawn  out  on  its  runway.  This 
is  accomplished  by  plug  or  knife  contacts  on  the  removable  portion 
of  the  gear  which  engage  with  fixed  bus  bar  and  feeder  contacts 
only  when  the  carriage  is  in  its  service  position,  all  the  live  parts 
being  then  inaccessible  to  the  operator,  and  the  various  covers  of 
the  gear  and  the  oil-switch  tank  being  incapable  of  removal.  If 
it  is  desired  to  inspect  or  adjust  any  of  the  live  parts,  or  to  open  a 
cover  or  lower  the  oil  tank,  the  switch  must  first  be  put  into  the 
‘off’  position.  The  carriage  can  then  be  drawn  out  by  a  handle 
or  racking  gear  provided  for  the  purpose.  Directly  the  contact 
plugs  on  the  moving  portion  leave  the  fixed  contact  sockets  (which 
they  do  before  either  becomes  accessible  to  the  operator)  shutters 
fall  automatically  in  front  of  the  fixed  contacts.  When  the  carriage 
is  withdrawn  to  the  limit  of  its  travel,  all  the  components  which  it 
carries  are  completely  accessible  and  entirely  disconnected  from  the 
circuit  contacts  ;  at  the  same  time,  the  circuit  contacts  are  covered 
by  shutters.  The  plug  and  socket  contacts  act  as  isolating  switches 
on  both  sides  of  the  gear  on  the  carriage  ;  they  are  separated  auto¬ 
matically  by  the  act  of  drawing  out  the  carriage  and,  in  order  to 
ensure  that  these  contacts  are  not  used  even  inadvertently  to  make 
or  break  a  current  (§  362),  it  is  arranged  that  the  carriage  can  be 
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neither  withdrawn  nor  returned  unless  its  main  switch  is  ‘off/ 
I  he  carriage  runs  on  a  machined  track  in  order  that  the  plug  con¬ 
tacts  may  keep  in  alignment  with  their  sockets. 

‘  Armoured 5  draw-out  switchboards  resemble  the  mining-type 
boards  described  in  §  37  9  as  regards  the  mechanical  nature  of  their 
‘  ironclad  ’  protection  but  in  the  draw-out  boards  of  this  type  a 
fixed  panel  contains  the  incoming  and  outgoing  leads  ( e.g .  bus  bars 
and  feeders)  and  the  contact  sockets  of  each,  whilst  the  oil  switch, 
automatic  trip  gear,  ammeter,  voltmeter,  etc.,  are  mounted  on  a 
carriage.  The  carriage  runs  on  substantial  knee-brackets  fixed  to 
each  side  of  the  back  panel.  As  many  panels  as  may  be  required 
can  be  assembled  side  by  side  on  the  unit  principle.  Armoured 
panels  of  this  type  are  used  in -all  sizes  from  those  suitable  for 
individual  motors  in  mining  service  to  those  capable  of  acting  as 
circuit-breaker  panels  in  large  central  stations.  As  the  whole  of 
the  gear  is  totally  enclosed,  and  proof  against  weather  and  vermin 9 
it  can  be  used  out  of  doors. 

‘  Truck-type  ’  or  ‘  panel-type '  draw-out  switchboards  resemble 
ordinary  panel-type  high-voltage  boards  (§  377).  The  incoming 
and  outgoing  bars  and  cables  with  appropriate  contact  sockets  are 
mounted  at  the  back  of  the  enclosure  behind  an  earthed  metal 
screen  with  automatic  shutters  for  the  apertures  through  which 
the  contact  plugs  normally  pass.  The  whole  of  the  rest  of  the 
gear  and  the  front  panel  itself  are  carried  by  a  framework, 
which  has  rollers  and  runs  on  an  accurately  machined  track.  No 
gangway  is  needed  behind  the  enclosure  or  between  panels  for 
access  ;  the  whole  of  the  gear  can  be  wheeled  clear  of  the  board  for 
inspection  or  overhaul  and  a  spare  panel  can  be  run  into  the  empty 
cubicle  to  maintain  service  if  necessary.*  This  type  of  draw-out 
board  is  lighter  in  construction  than  the  armoured  type  described 
above  and  it  is  not  weatherproof  but  it  is  entirely  satisfactory 
for  indoor  applications,  with  currents  up  to,  say,  500  A  per  panel 
at  11  000  V.  The  armoured  gear  is  built  with  3-phase  circuit 
breakers  capable  of  carrying,  say,  400  A  at  44  000  Y  or  1500  A  at 
22  000  V,  and  of  500  000  kYA  breaking  capacity  (§  371) ;  with 
single-phase  circuit  breakers  ( i.e .  three  coupled  circuit  breakers  in 
separate  tanks  for  a  3-phase  circuit)  much  higher  breaking  capacities 
can  be  obtained. 

*  This  advantage,  which  is  enjoyed  also  by  ‘  armoured  ’  draw- out  gear,  is  at¬ 
tained  only  in  draw-out  boards  and  is  of  great  practical  importance. 
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381.  Outdoor  Switchgear. — Outdoor  substations,  comprising 
transformers  and  switchgear,  have  been  used  in  America  for  many 
years  past  and  there  is  no  doubt  that  this  practice  will  extend 
as  extra  high-voltage  transmission  becomes  more  common.  The 
obvious  advantage  is  the  great  saving  on  cost  of  buildings,  simple 
concrete  foundations  and  light  structural  steelwork  supports  being 
used  instead  of  a  masonry  structure  and  its  heavier  foundations. 
The  obvious  difficulty  is  the  exposure  to  weather.  As  stated  in 
§  380  armoured  draw-out  switchgear  is  completely  weatherproof 
and  ordinary  high-voltage  circuit  breakers  are  quite  reliable  for 
outdoor  service  if  fitted  with  suitable  terminal  bushings  and  if  the 
closing  and  trip  gear  be  protected  by  a  weatherproof  casing. 
Similar  remarks  apply  to  high-voltage  static  transformers.  The 
switchgear  and  transformers  are,  in  fact,  at  least  as  reliable  as  the 
transmission  lines  so  far  as  atmospheric  conditions  are  concerned  ; 
if  severe  cold  is  experienced  the  oil  can  be  kept  at  any  desired 
temperature  by  aid  of  thermostats  and  electric  heating  coils.  The 
large  air  gaps  between  lines  and  the  long  terminal  bushings  required 
at  extra  high  pressures,  together  with  the  large  dimensions  of 
e.h.t.  switchgear  and  transformers,  combine  to  make  masonry 
switch  houses  large  and  costly.  With  outdoor  gear  the  clearances 
must  be  increased  to  allow  for  swinging  of  conductors  and  the 
possibility  of  birds  perching  on  or  flying  between  live  parts.  At 
pressures  below  25  000  V  outdoor  switchgear  is  probably  more 
costly  than  indoor  gear  (including  the  structural  work  in  both 
cases),  but  at  50  000  V  there  is  a  saving  of  25-30  %  i*1  the  total 
cost  of  an  outdoor  equipment,*  and  the  saving  is  still  greater  at 
higher  pressures. 

382.  General  Arrangement  and  Construction  of  Switch¬ 
boards. — Much  information  on  this  subject  is  embodied  in  the 
preceding  paragraphs,  to  which  the  following  excerpts  and  sum¬ 
maries  may  be  added. 

The  I.E.E.  Wiring  Rules,  Nos.  87-93,  deal  with  the  position, 
construction,  and  arrangement  of  switch  and  distribution  boards : — 

87.  Position ;  Construction. — Main  and  distribution  switch  and  fuse  boards 
may  be  used  under  the  following  conditions  : — 

(a)  They  must  be — 

(i)  Fixed  in  dry  situations  ; 


*  According  to  an  article  by  J.  B.  Rudkin,  El  Rev.,  Vol.  90,  p.  567,  describing 
outdoor  switchgear  at  Goesgen  (Switzerland)  for  135  000  V. 


A.  Reyrolle  <£  Co .,  LtiL 


Armoured  Draw-Out  Switch  for  12  000  V,  3-phase,  750  A. 

This  switch  is  suitable  for  controlling  generating  plant  in  a  station  having  an 
aggregate  capacity  of  50  000  kW.  The  equipment  comprises  two  sets  of  3-phase  bus 
bars,  a  3-phase  oil-break  switch,  three  current  transformers,  3-phase  potential  trans¬ 
formers  (mounted  on  a  carriage  behind  the  switch),  and  cable  dividing  boxes.  Every 
conductor  is  ‘ironclad ;  ’  and  the  bus  bars,  current  transformers,  etc.,  are  immersed  in 
insulating  compound.  When  the  switch  carriage  is  withdrawn  (as  shown)  for  access 
to  the  working  parts,  the  live  portions  are  screened  by  shutters  which  fall  across  the 
socket  openings.  (Note  the  yard  rule  against  the  standard  in  the  foreground.) 
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Johnson  &  Phillips,  Ltd. 


Draw-Out  Truck  Type  Switchboard. 

The  stationary  portion  of  each  cubicle  is  bolted  to  the  floor  and  contains  the  bus 
bars,  fixed  contacts,  cable  box,  or  cable  sealing  end.  The  truck  carries  the  oil  switch, 
current,  and  potential  transformers,  and  the  instruments  which  are  mounted  on  the 
front  plate.  When  the  truck  is  withdrawn  for  inspection  all  the  parts  upon  it  are 
automatically  rendered  ‘dead’  and,  at  the  same  time,  the  fixed  contacts,  which 
remain  ‘live,’  are  automatically  screened. 
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(ii)  So  arranged  that  a  fire  thereon  cannot  spread,  whether  occurring  at 
•  the  front  or  back  ; 

(b)  Their  bases  must  be  of  incombustible  and  insulating  material,  and  fitted 
with  moisture-proof  bushes  at  the  points  of  support  if  the  material  is 
hygroscopic ; 

(c)  The  possibility  of  a  permanent  arc  must  be  prevented  either  by  sufficient 

spacing  of  all  live  parts,  or  by  the  use  of  separating  partitions. 

88.  Accessibility. — Switch' and  fuse  boards  must  be  so  constructed  and  placed 
that  all  their  parts  which  may  have  to  be  adjusted  or  handled  are  readily  accessible. 

89.  Connections. — Connecting  conductors  on  main  boards  must  be — 

(ft)  Permanently  accessible  from  either  the  back  or  the  front  of  the  board ; 

(6)  Symmetrically  placed  and  spaced  apart ; 

(c)  So  proportioned  that  there  shall  be  no  appreciable  rise  of  temperature 

when  the  current  flows  through  them ; 

(d)  So  arranged  that  the  course  of  every  conductor  may,  where  necessary, 
be  readily  traced  ; 

(e)  So  arranged  as  to  prevent  the  access  of  acid  fumes  from  batteries  to  the 

board. 

90.  Labels. — Switchboard  circuits  should  preferably  be  labelled  for  identification. 

91.  Open-type  Fuses. — No  open-type  fuses  may  be  placed  at  the  back  of  switch¬ 
boards. 

92.  Metal  Cases. — The  cases  of  instruments,  if  metallic,  must  be  insulated  from 
the  circuits,  but  they  may  be  earthed  if  desired. 

93.  Fuses. — Every  voltmeter  or  pilot  lamp  with  its  connecting  wires  should 
be  protected  by  a  fuse  on  each  pole. 

Some  of  the  factors  to  which  attention,  is  called  in  connection 
with  mines  (Chapter  32)  are  of  general  application ;  and  the  fol¬ 
lowing  points,  from  a  Memorandum  (1916)  of  the  British  Home 
Office,  may  also  be  noted : — 

It  is  undesirable  that  main  fuses  should  be  placed  behind  the  panels  of  low  or 
medium  pressure  switchboards.  The  blowing  of  a  fuse,  particularly  under  heavy 
short-circuit  conditions,  on  a  station  switchboard,  might  readily  lead  to  a  further 
short  circuit.  If  fuses  for  instruments,  etc.,  are  placed  behind  switchboards  they 
should  be  guarded  so  that  an  arc  cannot  spread,  and  placed  so  as  to  be  accessible. 
In  the  case  of  large  switchboards  there  should  be  access  to  the  back  from  both  ends, 
to  obviate  an  attendant  being  trapped  in  case  of  accident.  For  screening  off  high- 
tension  boards  expanded  metal  is  recommended.  On  polyphase  boards  there  should 
be  divisions  or  barriers  between  phases  at  all  places  where  an  arc  is  liable  to  be 
accidentally  started,  e.g .  at  isolating  switches,  etc.  On  high-pressure  boards,  isolat¬ 
ing  switches  should  be  placed  on  both  sides  of  oil-switches  on  feeder  circuits  where 
the  feeders  are  capable  of  being  made  live  from  the  distant  end. 

Other  points,  many  of  which  are  embodied  in  the  preceding 
paragraphs  of  this  chapter,  are  as  follows  : — 

Separate  panels  for  each  machine,  transformer,  feeder,  etc.,  make  for  safety  and 
simplicity  in  operation  and  maintenance.  In  many  existing  stations  the  high 
voltage  and  low- voltage  panels  are  on  different  floors.  It  is  generally  most  con¬ 
venient  to  place  the  main  oil  switches  and  transformers  on  the  ground  floor  or  in 
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tihe  basement ;  with  remote  electrical  control  the  control  gear  can  be  placed  where- 
ever  convenient ;  remote  mechanical  control  is  less  flexible  in  this  respect.  Remote 
electrical  control,  placing  all  the  main  switches  of  the  station  under  the  direction 
of  one  man,  is  almost  standard  practice  in  large  new  stations ;  where  there  are 
inter-connected  stations  a  *  load  dispatcher  ’  may  control  the  men  on  the  master 
switchboards  of  the  individual  stations  by  telephone. 

On  boards  for  direct  manual  operation  fuses  should  be  enclosed  and  away  from 
face  level.  Air-break  circuit  breakers  and  lightning  arresters  should  always  have 
a  clear  path  upwards  for  arcing.  Instruments  should  always  be  where  they  can  be 
read  easily  and  without  parallax  from  the  operator’s  station ;  also,  they  should  be 
away  from  rheostats  or  other  sources  of  heat.  On  control  desks  for  remote  electrical 
control  ammeters,  voltmeters,  and  synchroscopes  should  be  in  full  view  at  the  back 
of  the  desk ;  switch  levers  or  buttons,  rheostats,  and  synchronising  plugs  should  be 
easily  accessible ;  relays,  integrating  watt-hour  meters,  and  other  equipment  to 
which  only  occasional  reference  is  required  may  be  at  the  bottom  of  the  panel. 

All  main  current-carrying  conductors  should  have  good  facilities  for  cooling 
and  be  free  to  expand  and  contract  without  serious  restraint.  Iron  should  not  be 
placed  where  it  would  be  subject  to  stray  fields.  All  parts  in  which  eddy  currents 
may  be  induced  should  be  non-magnetic  and  of  high  electrical  resistance  (natural 
or  produced  by  saw  cuts  or  other  device). 

Conductors,  fuses,  contacts,  and  other  current-carrying  parts  should  be  inac¬ 
cessible  whilst  they  are  ‘  live,’  and  all  exposed  metal  work  should  be  earthed. 
Provision  should  be  made  to  prevent  unauthorised  operation  of  switchgear  or  access 
to  live  parts,  and  means  should  be  provided  for  the  definite  locking  of  switches 
‘  off  ’  in  case  of  need.  Interlocking  to  ensure  correct  sequence  of  switching  and 
to  prevent  access  to  live  parts  should  be  employed  wherever  practicable.  The 
general  design  and  arrangement  of  switchgear  should  facilitate  cleaning  and 
supervision,  and  it  should  be  possible  to  get  complete  and  easy  access  to  all  parts 
for  repair  (subject  to  the  parts  being  first  rendered  *  dead  ’). 

383.  Bus  Bars  and  Switchboard  Connections. — 111  all  but 

small  installations  the  bus  bars  are  in  duplicate  and  provision  is 
made  for  sectionalising  them.  The  bar  for  each  pole  or  phase  may 
be  (electrically)  in  the  form  of  a  closed  loop  or  4  ring  main  ’  with 
isolating  switches  at  intervals  so  that  any  desired  section  can  be 
isolated  for  cleaning  or  repair.  Alternatively  two  sets  of  bars  may 
be  used  with  isolating  switches  in  each  and  with  cross^connecting 
switches,  so  that  any  desired  section  of  one  set  of  bars  can  be 
isolated  and  replaced  by  a  section  of  the  other  set.  The  insertion 
of  reactance  coils  between  the  sections  of  bus  bars  fed  by  different 
generators  limits  the  power  flowing  to  a  short  circuit  (§§  340, 
370). 

Bus  bars  generally  consist  of  a  number  of  relatively  thin  strips, 
of  copper  or  aluminium.  The  width  of  the  strips  may  be,  say, 
8-12  times  their  thickness,  and  the  strips  are  mounted  on  porcelain 
or  other  insulators  with  their  width  in  a  vertical  plane,  thus  secur¬ 
ing  maximum  stiffness  against  deflection  by  their  own  weight. 
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The  strips  composing  each,  bar  are  electrically  in  parallel,  but  should 
be  held  definitely  apart  by  spacing  pieces.  The  object  of  the 
laminated  construction  is  to  reduce  eddy  currents  and  increase  the 
radiating  surface.*  Extra  strips  can  be  added  at  any  time  if  the 
carrying  capacity  of  the  bars  has  to  be  increased  The  strips  for 
each  bar  are  side  by  side  in  a  horizontal  plane,  but  the  bars  them¬ 
selves  may  be  in  either  a  vertical  or  a  horizontal  plane.  Placing 
the  bars  in  a  horizontal  plane  reduces  the  overall  height  of  the  board, 
but  it  must  be  possible  to  get  at  the  bars  from  above  for  cleaning. 
Bars  in  a  vertical  plane  are  more  easily  accessible  as  a  rule,  and 
their  maximum  stiffness  is  then  opposed  to  the  mechanical  forces 
developed  between  the  bars  on  short  circuit. 

Aluminium  offers  important  advantages  as  a  material  for  bus 
bars.  The  larger  cross-section  required  for  the  same  electrical  con¬ 
ductivity  makes  aluminium  compare  unfavourably  with  copper 
where  insulated  cables  are  concerned,  but  in  the  case  of  bus  bars  the 
difference  in  dimensions  between  copper  and  aluminium  is  of  no 
appreciable  importance  as  regards  the  cost  of  the  insulating  sup¬ 
ports.  On  the  other  hand,  the  larger  radiating  surface  of  the 
aluminium  bars,  and  the  fact  that  their  weight  is  roughly  half 
that  of  the  equivalent  copper  bars,  are  important  advantages. 
Adhering  to  commercial  sizes  of  bar  or  rod  it  will  be  found 
that  aluminium  bars  of  the  same  width,  but  50  °/0  thicker  than  the 
copper  bars  which  would  be  used,  or  aluminium  rod  times  the 
diameter  of  copper  rod,  gives  sufficiently  nearly  equal  conductivity. 
The  exact  value  of  the  resistance  of  bus  bars  is  unimportant,  since 
it  is  always  very  low.  On  the  other  hand,  care  is  required  to 
avoid  high  local  distance  at  joints. 

The  best  method  of  connecting  consecutive  lengths  of 
aluminium  bar  is  by  overlapping  the  bars  for  a  distance  equal  to 
10  or  12  times  their  thickness  and  bolting  them  together.  The 
contact  surfaces  should  be  coated  with  vaseline  and  then  rough 
filled,  the  file  cuts  being  at  right  angles  on  the  two  surfaces ;  the 
surfaces  are  then  clamped  together  without  removing  the  dirty 


*  It  is  the  radiating  surface  which  determines  the  permissible  current  density 
for  given  temperature  rise.  A  2  in.  x  1  in.  copper  bar  carrying  2  000  A  has  0-  036 
sq.  in.  of  radiating  surface  per  ft.  run  per  amp.,  compared  with  0*  018  sq.  in.  in  the 
case  of  a  4  in.  x  2  in.  bar  carrying  8  000  A.  If  the  larger  bar  be  divided  into  eight 
strips  each.  4  in.  x  J  in.,  spaced  well  apart,  the  radiating  surface  is  increased  to 
0*  102  s<q.  in.  per  ft.  run  per  amp. 
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vaseline  *  Joints  made  in.  the  same  way  between  copper  bars 
have  as  low  resistance  as  soldered  joints.  Permanent  connections 
between  copper  or  brass  parts  are  often  tinned  and  'sweated/ 
but  any  sweated  joint  should  be  supplemented,  by  a  grub  screw, 
bolt,  or  other  mechanical  device.  The  advantage  of  tinning  the 
surfaces  of  copper  joints  which  are  to  be  clamped  lies  in  the  fact 
that  the  soft  tin  spreads  and  gives  contact  over  a  greater  area ; 
also,  the  flow  of  the  metal  during  the  final  stages  of  clamping  ex¬ 
poses  clean  surfaces  at  the  contact.  The  use  of  tinfoil  in  clamped 
joints  does  not  reduce,  but  generally  increases,  the  contact  resistance. 

Aluminium  bus  bars  are  practically  immune  from  corrosion 
(even  in  battery  rooms),  but  joints  between  aluminium  and  other 
metals  should  be  painted  to  exclude  moisture ;  otherwise  electroly¬ 
tic  corrosion  will  occur.  Similarly,  where  aluminium  rests  upon 
plain  slate,  or  other  material  capable  of  carrying  a  leakage  current 
when  damp,  the  aluminium  should  be  painted  or  a  piece  of  mica 
should  be  placed  between  the  surfaces. 

Most  of  the  high  voltage  connections  on  modern  switchboards 
consist  of  bare  copper  strip  or  rod,  thus  reducing  the  amount  of 
inflammable  material  in  the  construction.  Rod  can  be  bent  equally 
easily  in  any  plane,  but  rectangular  strip  is  difficult  to  bend  in  the 
plane  of  its  width.  All  connections  must  be  so  supported  that 
they  cannot  be  deformed  to  any  dangerous  degree  under  short 
circuit  conditions  (§  338);  at  the  same  time,  bus  bars  and  all 
strip  or  rod  connections  must  have  lateral  freedom  or  sufficient 
flexibility  at  bends  to  allow  for  thermal  expansion  and  contraction. 
Varnished  cambric ’offers  advantages  as  an  insulating  material  for 
switchboard  cables  (§  287). 

Low  voltage  connections  in  instrument  and  relay  circuits,  etc., 
are  commonly  made  by  V.I.R.  wires  (preferably  with  fire-resisting 
braiding),  supported  on  porcelain  cleats.  It  is  convenient  to  have 
the  circuits  arranged  so  that  standard  instruments  can  be  connected 
quickly  for  calibration  tests. 

384.  Instrument  Transformers. — The  function  and  general 
characteristics  of  current  and  potential  transformers  a  re  discussed 


*  Any  attempt  to  remove  the  dirty  vaseline  exposes  the  clean  filed  metal  to 
oxidation  ;  the  whole  object  of  the  method  of  preparation  described  is  to  protect  the 
clean  metal  from  even  momentary  exposure  to  the  air.  Joints  made  as  described 
do  not  deteriorate  during  a  period  of  years  (vide  El.  Times ,  July  27,  1911,  p.  77; 
and  Jour.  I.E.E. ,  Vol.  60,  p.  889). 
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in  §  l  os.  Ring- typo  current  transformers  threaded  on  the 
terminal  loads  in, side  the  oil-switch  casing  are  convenient  for 
the  operation  of  ammeters,  overload  trips,  or  other  devices  un¬ 
affected  hy  phase.  error  in  the  transformer  (see  §  108),  hut  they 
should  not  he  used  for  any  device  operating  on  the  wattmeter 
principle  or  demanding  special  accuracy  and  uniformity  of  calibra¬ 
tion.  In  transformers  provided  with  a  primary  winding  the 
carrying  capacity  of  the  latter  should  bo  equal  to  that  of  the  main 
in  which  the  transformer  is  connected. 

It  is  important  that  the  resistance  in  the  secondary  circuit  of 
cunvnf  transfo -mors  should  he  as  low  as  possible;  an  ammeter  and 
a  trip  roil  ran  \h operated  in  series  in  this  circuit  if  the  trip  gear 
is  sensitive  (i.r.  does  not  require  much  power  for  its  operation),  but 
the  current  element  of  any  wattmeter  type  device  should  not  be  in 
series  with  a  trip  coil  because  the  phase  error  caused  by  tho  latter 
would  lead  to  serious  inaccuracy.  Tho  same  current  transformer 
can  generally  he  used  to  servo  an  ammeter,  wattmeter,  and  coro- 
halance  protective  gear,  but  the  maker’s  advice  should  always  bo 
takmi  in  regard  to  the  loading  of  instrument  transformers.  In 
mining  or  armoured  switchgear  (§§  879,880)  tho  use  of  current 
transformers  cm  often  be  avoided  hy  mounting  the  ammeter  in¬ 
side  t  he  switch  cast*  and  commuting  in  the  h.t.  circuit  (with  its 
case  at  line  potential* ;  suitable  clearance  is  provided  between  tho 
instrument  and  the  earthed  case  of  the  switch,  and  tho  instrument 
is  r«*ad  through  a  window. 

Potential  f  ransformers  for  pressures  up  to(>  fKK)  V  are  generally 
air  railed,  those  For  higher  pressures  being  oil-immersed  or  en¬ 
closed  in  a  casing  lilted  with  insulating  wax  or  compound;  cases 
filled  with  was  or  compound  should  he  mounted  so  that  the  filling 
cannot  escape  if  it  softens  or  molts  in  service.  Any  number  of 
instruments,  etc.,  can  lie  connected  in  jtfirallol  to  one  potential 
transformer  provided  that  the  rated  output  of  the  latter  is  not  ex¬ 
ceeded  { f  lost  Voltmeters,  low-voltage  releases,  and  synchro- 
Hcupe.s  in  a  8  phase  system  can  be  used  in  conjunction  with  a 
potential  transformer  on  one  phase  only,  but  potential  transformers 
are  required  on  at  h  ast  two  phases  for  wattmeters  and  reverse- 
power  relays  (  §  1  10;. 

instrument  transformers  for  use  in  automatic  selective  pro¬ 
tection  Hyniems  have  generally  to  fulfil  special  conditions  in  regard 
to  their  characteristics  (§  859). 
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385.  Equipment  of  Typical  Switchboards. — 

and  conditions  of  service  of  switchboards  differ  so 
useful  purpose  would  here  be  served  by  detailed 
individual  boards ;  for  this  the  reader  must  be  r 
technical  press  and  the  proceedings  of  profession 
The  following  notes  on  the  usual  equipment  of  v; 
panels  (according  to  whether  the  supply  is  A.C.  or  E 
ever,  be  useful : — 

Generator  Panel. — The  generator  leads  are  connected  | 
switches  if  required)  to  circuit  breakers  whence  connection 
isolating  switches  in  the  case  of  high-voltage  machines)  to  t] 
station.  Voltmeter,  frequency  meter,  and  synchroscope  conn' 
made  on  the  generator  side  of  the  main  switch  or  circuit  breaker 
ammeter  (or  ammeters  in  the  case  of  a  polyphase  machine)  is  als 
generator  side  of  the  main  switch.*  It  is  desirable  that  watt-hour 
on  each  generator  panel.  A  field-regulating  rheostat  and  amrae 
addition  to  a  field  switch  with  auxiliary  contacts  which  close  i 
the  safe  discharge  of  the  energy  stored  in  the  field.  Over-load 
or  other  protective  relays  are  required,  and  a  power  factor  ind 
Synchroscopes  may  be  placed  on  a  bracket  projecting  from  one  ei 
or  machine  and  bus  ban  voltmeters  together  with  the  synchro] 
located  on  a  special  synchronising  panel. 

Balancer  Panel. — There  are  many  systems  of  balancing  3- 
each  of  which  requires  appropriate  switchgear.  With  the  s 
equipment  (two  auxiliary  machines  in  series  between  the  ‘  oute 
required  on  the  control  panel  is  three  single-pole  switches,  tw< 
rheostats,  and  an  ammeter  in  each  machine  circuit. 

Summation  Panel . — This  panel  (for  measurements  only] 
meter  recording  the  total  output  of  a  number  of  generators,  1 
quency  meter  and  a  power  factor  indicator. 

Control  Panel. — The  equipment  comprises  master  switches 
the  low- voltage  D.C.  circuits  of  the  coils  or  servo-motors  operatir 
switchgear ;  also,  the  measuring  instruments  of  the  main  circu 
these  instruments  being  served  by  instrument  transformers  on  t! 

Battery  Panel. — There  are  many  possible  arrangements  of  s 
their  auxiliaries  to  suit  various  applications  and  different  meth 
the  change  in  voltage  per  cell  during  charge  and  discharge  (C 

Where  end-cells  are  used  for  regulation  the  battery  panel  cs 
lating  switch  so  that  the  number  of  cells  across  the  bus  bars  and 
can  be  varied  independently.  There  are  also  an  ammeter  an 
between  the  battery  and  the  bus  bars.  The  same  or  an  adjoini] 
generator  switch  (with  minimum  cut-out)  fuses,  ammeter,  fiel 
change-over  switch  by  means  of  which  the  generator  can  b 


*  It  is  usual  to  connect  all  the  instruments,  on  the  gene: 
gene  ator  side  of  the  main  circuit  breaker.  This  ensures  that  £ 
are  dead  when  the  bieaker  is  open  and  the  generator  is  static 
transformers  are  always  placed  on  the  generator  side  of  the  circ 
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battery  or  to  the  bus  bars  as  desired.  By  means  of  a  3-way  switch  a  single 
voltmeter  can  be  used  to  measure  the  generator,  bus  bar,  and  battery  voltages. 

If  a  reversible  booster  set  be  used  to  add  to  the  voltage  of  the  main  generator 
during  charging,  or  to  that  of  the  battery  during  discharging,  no  ‘  end  cells  *  are 
needed  for  regulation.  The  battery  circuit  includes  an  ammeter  and  fuses,  and 
a  double-pole  change-over  switch  by  means  of  which  the  cells  can  be  connected 
straight  to  the  bus  bars  or  in  series  with  the  booster.  The  motor  driving  the 
booster  requires  an  ammeter,  double-pole  switch,  fuse  and  starter ;  whilst  the 
booster  requires  a  field  reversing  and  regulating  switch  and  a  circuit  breaker  which 
opens  if  the  fuse  blows  in  the  booster-motor  circuit.  Two  voltmeters  with  multi¬ 
way  switches  provide  for  measuring  the  generator,  bus  bar,  booster,  and  battery 
voltages. 

Station  Panel. — The  equipment  on  this  panel  provides  for  the  control  of  the 
station  lighting  and  auxiliary  power  circuits.  Change-over  switches  are  required 
if  (as  is  desirable)  there  are  alternative  sources  of  supply.  Main  switches,  starters, 
rheostats,  measuring  instruments,  etc.,  are  provided  for  the  individual  circuits 
supplied,  according  to  requirements.  (See  also  Distribution  and  Motor  Panels.) 

Feeder  Panel. — On  station  feeder  panels  connections  are  taken  from  the  bus 
bars  through  an  air-break  or  oil-immersed  circuit  breaker  to  the  outgoing  cable. 
A  voltmeter  on  the  bus  bar  sido  of  the  circuit  breaker  shows  the  bus  bar  voltage, 
and  an  ammeter  between  the  circuit  breaker  and  the  feeder  shows  the  load  on  the 
latter.  If  desired  an  integrating  watt-hour  meter  may  be  fitted  to  measure  the 
energy  supplied ;  a  recording  ammeter  or  wattmeter  is  sometimes  useful.  Overload 
and  split  conductor  or  other  protective  relays  (§  359)  are  required  on  each  feeder 
panel.  One  frequency  meter  may  serve  a  number  of  feeder  panels. 

Distribution  Panel. — The  incoming  mains  are  connected  through  a  switch  or 
circuit  breaker,  as  the  conditions  may  demand,  to  the  distribution  bus  bars.  To 
the  latter  the  load  circuits  are  connected  through  knife  switches  or  oil  switches 
with  fuses  in  either  case,  or  through  circuit  breakers  if  required.  Small  distribu¬ 
tion  boards  as  used  for  house-lighting  circuits  are  described  in  Chapter  22. 
The  consumer’s  panel  in  an  industrial  installation  taking  energy  at  high  voltage 
requires  an  oil- immersed  circuit  breaker  with  isolating  switches  on  the  line  side, 
and  instrument  transformers  if  the  energy  be  metered  on  the  line  side  of  the  step- 
down  transformer.  The  low-voltage  terminals  of  the  main  transfonner  are  con¬ 
nected  to  a  distribution  panel  which  has  a  voltmeter  and  main  ammeter  and,  if 
desired,  ammeters  and  energy  meters  for  the  individual  circuits  supplied  from  the 
distribution  bus  bars.  Where  the  supply  tariff  takes  account  of  power  factor,  it  is 
advisable  to  provide  a  power  factor  indicator  or  recorder  for  the  installation  as  a 
whole  or,  if  practicable,  for  each  of  the  main  circuits. 

Motor  Panel. — The  incoming  mains  are  taken  to  a  main  switch  (double-  or 
three-pole)  of  the  type  appropriate  to  the  electrical  and  service  conditions.  Thence 
leads  are  connected  through  fuses  to  the  starter  (Chapter  29).  The  provision  of 
an  ammeter  on  each  motor  panel  contributes  greatly  to  safety  in  operation  and 
efficiency  in  maintenance.  It  is  useful  to  arrange  for  the  easy  connection  of  a  re¬ 
cording  wattmeter  in  the  motor  circuit  at  any  time  for  the  purpose  of  a  power  test. 

General. — Isolating  switches  should  be  provided  on  all  high-voltage  panels  so 
that  the  whole  of  the  gear  can  be  disconnected  from  the  incoming  and  outgoing 
leads ;  with  draw-out  gear  no  special  isolating  switches  are  required.  Instrument 
transformers  are  generally  required  on  heavy  current  and  /  or  high-voltage  A.C. 
panels  (§§  108,  384). 

Where  automatic  protective  gear  is  used  the  appropriate  transformers,  relays, 
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etc.,  are  mounted  on  the  switchboard  (§  359).  If  fuses  are  used  they  are  inserted  in 
each  pole  or  phase  of  the  circuit,  but  overload  relays  need  be  connected  only  in  one 
side  of  each  possible  lead  and  return  path  ( i.e .  one  relay  for  a  D.C.  or  single-phase 
2-wire  circuit ;  two  relays  for  a  D.C.  3-wire,  two-phase  4- wire,  or  three-phase  3-wire 
circuit ;  and  three-relays  for  a  three-phase  4- wire  circuit.  Where  reverse  power 
relays  are  used  they  should  be  fitted  to  each  generator  and  to  each  one  of  a  group 
of  feeders  working  in  parallel. 

Voltmeters  and  ammeters  should  be  used  in  each  phase  of  a  polyphase  system 
if  the  load  may  be  unbalanced.  Recording  instruments  are  provided  wherever  a 
permanent,  continuous  record  is  required.  Where  attention  is  paid  to  power  factor 
correction,  power  factor  indicators  should  be  fitted  on  generator,  converter,  and 
feeder  panels.  Air-  or  cil-temperature  indicators,  water-  or  oil-flow  indicators,  and 
other  special  devices  may  be  mounted  on  the  appropriate  main  panel,  or  on  the 
control  panel  if  remote  control  is  practised.  Remote  electrical  control  can  be  pro¬ 
vided  on  any  panel.  Lightning  arresters  are  desirable  on  any  panel  which  is  con¬ 
nected  to  overhead  lines. 

386.  Bibliography  ( see  explanatory  note,  §  58). 

Regulations. 

H.O.  Electricity  Regulations  for  Factories  and  Workshops. 

H. O.  Regulations  as  to  the  Installation  and  Use  of  Electricity  in  Mines. 

I. E.E.  Wiring  Rules. 

Standardisation  Reports,  etc. 

(1)  B.E.S.A.  Reports. 

No.  109.  Specification  for  Air-Break  Knife  Switches  and  Laminated 
Brush  Switches  for  Pressures  not  Exceeding  660  V. 

No.  110.  Specification  for  Air-Break  Circuit  Breakers  for  Pressures  not 
Exceeding  660  V. 

No.  116.  Specification  for  Oil-Immersed  Switches  and  Circuit  Breakers 
for  Alternating  Current  Circuits. 

No.  124.  Specification  for  Totally  Enclosed  Air-Break  Switches  for 
Pressures  not  Exceeding  660  V. 

No.  126.'  Specification  for  Flameproof  Air-Break  Switches  for  Pressures 
not  Exceeding  660  V. 

No.  127.  Specification  for  Flameproof  Air-Break  Circuit  Breakers  for 
Pressures  not  Exceeding  660  V. 

No.  ISO.  Specification  for  Totally  Enclosed  Air- Break  Circuit  Breakers 
for  Pressures  not  Exceeding  660  V. 

(See  also  B.E.S.A.  Reports  on  Motor  Starters  and  Controllers,  Chapter  29, 
Bibliography). 

(2)  B.E.A.M.A.  Standardisation  Rules  for  Electrical  Machinery. 

Books. 

Electric  Switch  and  Controlling  Gear.  C.  C.  Garrard  (Benn  Bros.). 

High-Tension  Switchgear.  H.  E.  Poole  (Pitman). 

High-Tension  Switchboards.  H.  E.  Poole  (Pitman). 

I.E.E.  Papers. 

Switchgear  Standardisation.  C.  C.  Garrard.  VoL  56,  p.  213. 

Note. — Much  information'  on  switches  and  switchgear  is  contained  in 
papers  which  deal  primarily  with  other  subjects. 

Miscellaneous. 

Important  articles  appear  frequently  in  the  technical  press.  See  also  the 
Bibliographies  ol  Chapter  15  (§  360)  and  Chapter  29  (Vol.  2). 
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Absolute  temperature,  166. 

—  units,  2. 

Accessories  in  wiring  (see  Vol.  2). 
Accumulators  (electrical)  (see  Secondary  cells). 
- as  phase  advancer,  160. 

—  steam,  177. 

Accuracy  of  instruments,  92  et  seq . 

Acid-proof  paints,  76. 

Acre-foot,  202. 

Acyclio  generator,  134,  137. 

Aczol,  86. 

Addition  of  loads  of  various  P.F.,  167. 
Adhesive  tape,  74. 

Advance  alloy,  67  (Table  6). 

Aerial  lines  (see  Overhead  lines). 

Ageing  magnets,  83. 

Agriculture,  electricity  in  (see  Vol.  2). 

Air — 

—  -break  switches,  364  et  seq. 

- cooled  generators,  146. 

—  dieleotrio,  73  (Table  7),  78,  79,  287. 

—  -gaps,  43,  45. 

- in  solenoid,  365. 

—  gas,  178. 

—  -pump,  condenser,  175. 

—  supply  to  generators,  350. 

—  temperaturo  and  cables,  291. 

Alcohol  fuel,  178,  179. 

—  engine,  180. 

Allis  engine,  172. 

Alloys,  resistance  of,  67  (Table  0). 
Alternating  Current — 

- and  continuous,  10,  294. 

- boosters,  142. 

- elementary,  10  et  seq. 

- potentiometer,  95. 

- rectified,  13. 

- transmission,  294  el  seq.  (see  Trans¬ 
mission). 

- wattmeters,  110. 

- Single-phase — 

- elementary,  11. 

- transmission,  297-300,  304,  305. 

- Two-phase,  16. 

- Three-phase — 

- alternators,  134,  141,  143. 


Alternating  Current,  Three-phase  (emit.)- 

- cables,  311. 

- elementary,  15. 

- lines,  306,  313. 

- power,  110. 

- sequence,  150. 

- transmission,  Chap.  11. 

- voltmeter,  100. 

Alternators — 

—  asynchronous,  144. 

—  delta  and  star  connections,  143. 

—  elementary,  132,  133. 

—  excitation  of,  140. 

—  hydraulic  drive,  254. 

—  impedance,  137. 

—  parallel  running,  149,  150. 

—  power  to  drive,  164. 

—  pressure  regulation,  147. 

—  rating,  136. 

—  reactance,  147. 

—  speed  of  driving,  145,  254. 

—  star  and  delta  connection,  143. 

—  synchronising,  149,  321. 

—  synchronous,  143. 

—  turbine  driven,  145,  146. 

—  voltage  regulation,  147. 

—  water-wheel  driven,  254. 

Altitude,  effect  on  power,  179. 

Aluminium — 

—  arresters,  346. 

—  bus-bars,  383. 

—  cables,  290. 

—  conductors,  324,  331. 

—  constants,  63,  66,  308. 

—  overhead  wires,  328. 

—  properties,  63,  66,  308. 

—  regulations  as  to,  324. 

Aluminium-bronze,  67  (Table  6). 

Alundum,  85. 

American  frequencies,  135. 

Ammeters,  97,  100,  135,  385. 

Ammonium  sulphate,  169. 

Amorphous  carbon,  66. 

Ampere  (see  also  Current) — 

—  balance,  101. 

—  definition,  2,  3. 

—  effective  or  virtual,  29. 

—  elementary,  25. 
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Ampere  ( cont. ) — 

—  -hours,  28. 

- meters,  97,  113,  114. 

—  maximum,  A.C.,  31. 

—  meters  ( see  Ammeters). 

—  -second,  2,  28. 

—  -turns,  42. 

- on  instruments,  98. 

- magnet,  81. 

Ampere’s  rule,  33. 

Amplitude  of  curve,  56. 

Analysis  of  costs,  194,  269. 

Andhra  Valley  plant,  242. 

Angle  insulators,  330. 

—  stays,  326. 

Annealed  and  hard-drawn  copper,  295. 
Annual  flow  off  catchment,  204. 

Anode  and  cathode,  127. 

Antimony,  66,  127,  346. 

A-posts,  323. 

Aperiodic  instrument,  90. 

Apparatus,  protection  of,  Cliap.  15. 
Apparent  power,  66,  110,  153. 

—  resistance,  44  {see.  Impedance). 
Applications  of  electric  energy  {see  Vol.  2). 
Arc — 

—  lamps  and  frequency,  135. 

- power  factor,  156. 

—  lighting  dynamo,  138. 

—  suppressor,  351. 

Arcing  grounds,  351. 

—  tips,  365. 

Area  required  for  plant,  196. 

Argentan,  67  (Table  6). 

Armature,  132,  133. 

—  -volts,  138. 

Armoured  cables,  283,  290. 

—  draw-out  switchboard,  380. 

Amo  meter,  274. 

Aron  meter,  115. 

Arrangement  of  switchboards,  382. 
Arresters,  lightning,  346, 

Artificial  silk,  74. 

Asbestos,  73  (Table  7),  74,  80,  85. 

Ash  disposal,  196. 

Asphalt,  75. 

Association  cable,  281,  284  {see  Cable). 
Asynchronous  alternator,  144. 

Atmospheric  condenser,  175. 

Attraction  between  conductors,  338. 
Automatic —  ‘ 

—  devices  for  switchgear,  373, 

—  stations  and  sub-stations,  187. 

—  switches,  365  el  seq. 

Average  value  of  sine  wave,  30. 

j^ABCOCK  &  Wilcox  boilers,  170. 

Back  E.M.F.,  28. 


Bakelite,  73  (Table  7),  74,  75. 

Balanced  and  unbalanced  circuits,  110. 
Balanced  voltage  protection,  359. 

Balancer  panels,  385. 

Balancers  and  3-wire  generators,  141. 
Balancing  reservoirs,  240. 

Ballistic  galvanometer,  96. 

Banki  turbine,  133. 

Bare  conductors,  4. 

Barometric  condenser,  175. 

Bastian  meter,  114. 

Battery,  127,  128  (sec  Primary  cells  ;  Secon¬ 
dary  cells  ;  also  Vol.  2). 

—  cut-outs,  358. 

—  floating,  142. 

—  meters,  114. 

—  panels.  385. 

Bauxite,  85. 

Bazin’s  formula,  210,  211. 

BB  alloy,  67  (Table  6). 

Beacon  metal,  67  (Table  6). 

B.E.A.M.A.,  152. 

Beard-Hunter  sheathed  pilot  system,  359. 

|  Beard  self-balance  protective  system,  359. 

|  Beaver’s  test  for  tinning,  282. 

Belt  driving,  164. 

Benzine,  73  (Table  7). 

Benzol,  169. 

B.E.S.A.  {see  British  Engineering  Standards 
Association). 

Biassed  relay  and  transformer  protection,  359. 
Bibliographies,  58,  87,  125,  152,  163,  184,  199, 
258,  267,  276,  293,  336,  360,  380. 
Bichromate  cell,  127. 

Bimetal  fuse  wire,  342. 

Bismuth,  65,  67  (Table  6),  121,  127,  346. 
Bitumen,  73  (Tablo  7),  74. 

—  cables,  283,  287. 

—  dielectric,  287. 

Blast-furnace  gas,  167,  178,  181. 

Bleeding  steam,  176. 

Board  of  Trade,  293,  324  {see  also  Electricity 
Commissioners). 

- unit  {see  Unit). 

Boilers,  mercury,  16G. 

Boilers,  Steam — 

—  Babcock,  Bonccourt,  Stirling,  170. 

—  general,  1 66  et  seq. 

—  grate  area,  170. 

—  heating  surface,  170. 

—  -house  efficiency,  171. 

—  losses,  171. 

Bonecourt  boiler,  170. 

Boosters,  142. 

Boulder  crates,  236. 

Bowden-Thomson  sheathed-cable  system,  359. 
Branch  circuits  and  control  {see  Vol.  2). 

—  switches  {see  Vol.  2). 

Brass,  65,  67  (Table  6). 
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.Breakage  of  overhead  wires,  324. 

Breakdown  voltage,  70,  72. 

- of  air,  78,  79. 

Breaking  capacity  of  switches,  369-371. 
Breaking  Stress — 

- aluminium,  308. 

- bronze,  331. 

- copper,  295,  307,  324. 

- dip  and,  328,  329. 

- insulators,  330. 

- of  wires,  324. 

- overhead  construction,  324  el  seq.,  328  el 

seq. 

- poles,  324,  325. 

- stay  wires,  326. 

- steel  wires,  309. 

Bridge,  Wheatstone’s,  120. 

British — 

—  and  Allied  E.M.A.,  152. 

—  Engineering  Standards  Association  Re¬ 

ports,  5,  7,  12,  23,  58,  67,  87,  92,  108, 
125,  136,  152,  173,  184,  279,  293,  311, 
324,  336,  360,  363,  37$. 

—  standards,  conductors,  279. 

- rating,  136. 

- switchgear,  372. 

—  thermal  unit,  48,  50,  52,  53. 

—  Thomson-Houston  frequency  meter,  1 12. 
- protective  system,  359. 

Bronze,  65,  67  (Table  6),  331,  335. 

Brown  coal,  168. 

Brushes,  66,  133. 

.Brush  discharge,  316. 

—  volts,  138. 

Bucking  transformer,  142. 

Buckley’s  pocket-book,  204. 

Buffer  resistance,  368. 

Buildings  for  power-house,  196. 

Building  up  field,  138. 

Bunching  conductors,  4. 

Bus  Bar — 

- connections,  383. 

- excitation,  148. 

- reactance,  340. 

By-products  from  fuel,  169. 

Cables  {see  also  Conductors  ;  Wires) — 

—  and  wires.  Chap.  13. 

- overhead  lines,  334. 

—  armoured,  283,  290. 

—  Association  grade,  281,  284. 

—  bitumen  fhsulated,  283,  287. 

—  cab-tyre  sheathed,  74,  283. 

—  capacity  and  charging  current,  307,  311. 

—  class  of,  283. 

—  construction  and  jointing,  290. 

—  drop  of  pressure  in,  24,  286. 

—  extra  high  pressure,  288,  289, 


Cables  ( cont .) — 

—  fireproof,  283. 

—  grade  of,  281. 

—  graded,  289. 

—  heating  of,  291,  312,  338. 

— •  impedance,  310. 

—  I.E.E.  rules,  280,  285. 

—  inductance,  reactance,  impedance,  310. 

—  insulated,  310  el  seq . 

—  intersheath,  289,  311,  319. 

—  Makers’  Association,  281,  284. 

—  mining  ( see  Vol.  2). 

—  paper  insulated,  311. 

—  pressure  drop,  24,  286. 

—  reactance,  310. 

—  resistance  {see  Resistance). 

—  submarine,  292. 

—  tropical,  281. 

—  underground,  Chap.  11. 

—  vulcanised  india-rubber,  283,  287. 
Cab-tyre  sheathing,  74,  283. 

Cadmium — 

—  properties,  67  (Table  6),  127. 

—  -copper  alloy,  65,  331. 

—  standard  cell,  128. 

Calculation  of  short-circuit  current,  339. 
Calido  alloy,  67  (Table  6). 

Californian  Edison  Co.,  315. 

Calorie  and  great  calorie,  48. 

Calorific  values,  168,  170,  171,  178,  191. 
Cambric  insulator,  73  (Table  7),  74,  287. 
Canal  falls,  218. 

Canals  and  forebays,  231. 

Capacity,  Electrostatic — 

- cables,  307,  311. 

- concentric  cables,  311. 

- condensance  and,  46. 

- currents  (see  Charging  currents). 

- elementary,  2,  46. 

- frequency  and,  135. 

- of  insulator,  330. 

- overhead  lines,  S.P.,  305. 

- three-phase,  306. 

- power  factor  and,  156. 

- reactance,  46,  135,  304. 

i - resonance  and,  350. 

- tables  of,  307. 

Cap  insulators,  330. 

Capital  cost  and  charges,  plant,  194,  195. 
Carbon — 

—  breaks,  365. 

—  electrodes,  66. 

—  properties,  66  (Table  6). 

—  steel,  66  (Table  6). 

—  tetrachloride,  77,  375. 

Carborundum,  67,  85. 

Carriage  and  water-power,  217. 

Carry-over  storage  of  water,  244. 
Cartridge  fuses,  375, 
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Cast  iron,  64,  67  (Table  6),  82. 

Castor  oil,  73  (Table  7). 

Cast  steel,  82. 

Catchment  areas,  202,  203. 

Cathode  and  anode,  127. 

Cathode  (Kathode)  ray  oscillograph,  118. 
Cells  (see  also  Primary  cells ;  Secondary 
cells) — 

—  elementary,  127. 

—  standard,  Clark  &  Weston,  95,  128. 

Cellular  type  switchboards,  376,  378. 

Celluloid,  73  (Table  7). 

Cellulose  silk,  74. 

Cetnent  as  insulator,  75. 

Centralisation  of  plant,  185  et  seq. 

Central  stations,  185  et  seq . 

- output  statistics,  197. 

Ceylon,  water-power,  243. 

C.G.S.  system  of  units,  2. 

Channels,  water,  211,  212,  237. 

Characteristic  curves,  134,  138. 

Charcoal  iron,  82. 

Charge  indicator,  104. 

Charges  for  electric  supply  ( see  Tariffs). 

—  standing  and  working,  194. 

Charging  contacts,  368. 

—  electrolytio  arresters,  346. 

Charging  (or  Capacity)  Current — 

- cables,  307,  311,  351,  359. 

- earths  and,  351. 

- elementary,  46. 

- frequency  and,  135. 

- overhead  lines,  135,  305,  306. 

- power  factor  and,  166. 

- protective  systems  and,  359. 

Chat  ter  ton’s  compound,  74. 

Chester  plant,  223. 

Choking  coils,  45,  348. 

Chromite,  85. 

Chromium  alloys,  83. 

Chronic  alloy,  67  (Tabic  6). 

Circuit(s)  (see  also  Yol.  2) — 

—  breaker,  343  et  seq.,  361,  365  el  seq. 

—  closed,  9. 

—  elementary.  9. 

—  magnetic,  41. 

—  open,  9. 

—  protection  of,  Chap.  15. 

—  short  (see  Short-circuit). 

Circular  mil,  292,  309. 

Circulating  current  protection,  359. 
Clirculating  water,  175. 

Cark  cell,  128. 

Classification — 

—  instruments,  89  et  seq. 

—  insulators,  73. 

—  materials,  59,  60. 

—  water-power,  203. 

Class  of  cables,  283, 


Class  of  dielectrics,  70  et  seq. 

Climax  alloy,  67  (Table  6). 

Coal — 

—  coke  and,  168. 

—  consumption,  191  to  194. 

—  gas,  178. 

—  grate  area  and,  170. 

—  storage,  196. 

Cobalt,  67  (Table  6),  81,  127. 

—  alloys,  83. 

Coefficients,  hydraulic,  206,  207,  210,  212, 
247. 

Coercive  force,  81-83. 

Coil — 

—  armature,  132,  133. 

—  choke,  45,  348. 

—  dissonance,  351. 

—  pressure  reducing  (volt-box),  95,  107. 

—  reactance,  46,  348. 

Coke,  168. 

—  ovens  and  by-products,  169. 

- gas,  167,  181. 

Collector  ring,  133. 

Comb  arrester,  346. 

Combined  sots,  cost,  189. 

Combustion,  internal  and  external,  166. 

Comet  alloy,  67  (Table  6). 

Commercial  measurements,  97. 

Commutation,  sparkloss,  139. 

Commutator,  133. 

—  motor  and  frequency,  135. 

Companies  and  local  authorities,  195. 
Composition  of  alloys,  67  (Table  6). 

- fuels,  168. 

Compounds,  insulating,  74. 

Compound  engines,  172. 

—  -wound  generators,  134,  138,  148. 
Compressed  air  as  dieleotrie,  78. 

Concentric  cables,  capacity,  311. 

Concrete  as  insulator,  74. 

—  poles,  323. 

Condensancc,  46,  304. 

Condenser  (Electric) — 

- cable  as,  304. 

- elementary,  46,  57. 

- Mosoicki,  346. 

- power  factor  and,  166,  160. 

- type  insulators,  368. 

- voltmeters  with,  107. 

Condensers,  steam,  175,  191. 

Condensing  engines,  172. 

Conductance,  18. 

Conductivity  of  motals,  62  et  seq.- 
Conductors — 

—  aluminium,  63. 

—  attraction  and  repulsion  of,  338. 

—  bare,  4. 

—  bronze,  65,  66,  331. 

—  copper,  279  et  seq.,  307, 
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Conductors  (cont.) — 

—  current  density, 

—  definition,  4,  59. 

—  earthed,  4,  353. 

—  economic  section  of,  333. 

—  formulae  for  line,  324  et  seq. 

—  hard-drawn  copper,  307. 

—  insulators  and,  59. 

—  Kelvin’s  law,  333. 

—  lightning,  348. 

—  regulations  as  to,  324,  336. 

—  See  also  Cables ;  Various  metals ;  Wires. 
Connection.  {See  also  Vol.  2,  Circuits  and 

Connections.) 

—  between  generating  stations,  186. 

—  bus  bars  and,  383. 

—  phase,  150. 

—  to  supply,  185. 

Oonstantan  alloy,  67  (Table  6). 

Constant  Current — 

- dynamo,  138. 

- system  (Thury),  317. 

- transmission,  289,  294,  317,  318. 

Constants  of— 

- aluminium,  308,  331. 

- bronze,  331. 

- cadmium-copper,  331. 

- conductors,  67  (Table  6),  331. 

- hard-drawn  copper  307. 

- insulators,  73  (Table  7). 

- steel  wire,  300,  331. 

- water-power,  202. 

Constant  pressure  dynamo,  138. 
Construction  of — 

- cables,  290. 

- oil  s.witches,  368. 

- switchboards,  382. 

Consumer’s  pressure,  23. 

Contactors,  374. 

Continuous  Current — 

- compared  witli  A.C.,  10,  294  et  seq. 

- direction  of,  33  to  35. 

- elementary,  10,  14. 

—  —  generator  {see  Dynamo). 

- motor  (see  Motor,  D.C.). 

- transmission,  294,  297,  317. 

—  and  short- time  rating,  136. 

Control — 

—  and  damping,  90. 

—  in.  branch  circuits  {see  Vol.  2). 

—  of  wiring  circuits  (see  Vol.  2). 

—  panels,  385. 

—  power  factor  correction  and,  101. 

—  transmission  and.  Part  III. 

Conventional  signs,  7. 

Converters,  142  ( see  Vol.  2). 

Conveyors,  coal,  196. 

Cooling  towers,  175, 

Copal,  74. 


Copper — 

—  annealed,  62,  66.  279. 

—  area  of,  conductors,  279. 

—  breaking  stress,  62,  66. 

—  British  standards  for,  279. 

—  bus  bars,  383. 

—  conductivity,  62. 

—  conductors,  62,  66,  279. 

- formulae  for,  295. 

- regulations  for,  324,  336. 

—  density,  62,  66. 

—  dip  and  stress  of,  327  et  seq. 

—  elasticity,  62,  66. 

—  expansion  coefficient,  66. 

—  for  transmission,  328. 

—  fuses,  342. 

—  general  formulae, 

—  hard- drawn,  66,  295,  307. 

—  in  electro-chemical  series,  127. 

—  resistance,  62.  66. 

—  sheathed  cables,  359  {see  also  Intershcaths). 

—  temperature  coefficient,  62,  66. 

—  weight,  62. 

—  wires,  standard,  279. 

Copper-cadmium  wire,  331. 

- oonstantan  couple,  122. 

Core-balanced  protection,  359. 

—  material  of,  82. 

Cornish  boilers,  170. 

Corona  discharge,  316. 

Corrosion,  324. 

Correction  of  power  factor,  159-162. 
Corundum,  85. 

Cost(s) — 

—  Capital  and  working,  194. 

—  of  central  station  plant,  195- 

- combined  steam  sets,  189. 

- electric  supply,  269. 

- electric  installation  (see  Vol.  2). 

- hydro-electric  works,  216. 

- overhead  lines,  332,  334. 

- power  factor  correction,  162. 

- steam  sets,  189. 

—  tariffs  and,  Chap.  12. 

—  wiring  {see  Vol.  2). 

—  working  and  fixed,  194. 

Cotton,  73  (Table  7),  74,  80. 

Coulomb,  2,  28. 

Counter  E.M.F.,  132. 

Couple,  galvanic,  127. 

Cranes,  electric  (see  Vol  2). 

Creosote,  86,  323. 

Crest  factor,  30. 

Crest  voltmeter,  105. 

Crompton’s  rule,  33. 

Crossing  wires,  324. 

Crude  oil,  178,  180. 

Crystals  and  piezo  effect,  130. 

Cubic  meters  and  feet,  202. 
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Cupro-nickcl,  67  (Table  6). 

Current  {see.  also  Ampere) — 

—  capacity  or  charging  {see  Charging  current). 

—  continuous  (.<?ee  Continuous  current). 

—  density,  27. 

- in  switches,  369. 

—  direct  {see  Continuous  current). 

—  direction  of,  33-35,  127,  358. 

—  effective,  29,  49. 

—  elementary,  2,  25. 

—  excessive,  337,  338. 

—  fusing  of  wires,  342. 

—  heating  cables  by,  291. 

—  lagging  and  leading,  46,  153  el  seq.,  304. 

—  limiter,  272,  374. 

—  limitation,  337,  340. 

—  magnetism  and,  33,  35. 

—  maximum  in  A.C.,  31. 

- on  short-circuit,  338,  339. 

—  measuring,  98  et  seq. 

—  meters,  water,  207. 

—  pressure  and,  of  3-phose  alternator,  143. 

—  rectified,  13,  132. 

—  reverse,  358. 

—  R.M.S.,  29. 

—  shunt,  138. 

—  sine  wave,  29  to  31. 

—  transformers,  107,  108,  384. 

—  virtual,  29. 

—  wattless  (see  Wattless  currents). 

- in  cablos,  312. 

Curves,  mass,  hydraulic,  209. 

CtJSEO — 

—  and  ampere,  25. 

—  equivalents,  202. 

—  meaning  of,  201. 

Cut-outs,  fusible,  342,  375. 

Cutting  and  welding,  electric  (see  Vol.  2). 
Cycles,  12,  135. 

Cyclic  irregularity,  149. 

Cyclometer  dials,  113. 

Cylinder  gate,  221. 

DaLMARNOCK  station,  196. 

Damping  and  control,  90. 

Dams,  219,  225,  244. 

*  Danger  *  defined,  353. 

Daniell  cell,  127. 

Darjeeling  plant,  256. 

D’Axsonval  galvanometer.  96. 

Dashpots  on  relays,  344. 

Dead-beat  instruments,  90. 

Definite  time-limit  relay,  344. 

Definitions — 

—  general.  Chap.  1. 

—  I.E.E.,  4. 

—  International,  3,  6. 

—  pressure,  22. 


[  Deflectors,  jet,  255. 

Delivered  pressure,  23. 

Delta  connections,  143,  158,  314! 

Density,  current,  27,  369. 

|  Density  of  materials,  60,  67  (Table  6). 
Depreciation  and  maintenance  (see  Vol.  2). 
Depth,  hydraulic  mean,  210. 

Detector  galvanometer,  96. 

Dials,  cyclometer,  etc.,  113. 

Dial  synchroscope,  149. 

Diamagnetic,  32. 

Dickens'  run-off  formula,  204. 

Dielectric — 

—  breakdown,  89. 

—  constant  permittivity,  46. 

—  defined,  4. 

—  hysteresis,  60,  70. 

—  loss  in  cables,  312. 

—  properties  of  various.  70  et  seq. 

—  strength,  70,  72. 

- of  air,  78,  79. 

Diesel  engines,  167,  179,  180. 

Difference  of  potential,  22. 

Dimming  resistance,  68. 

Dinas  bricks,  85. 

Dip  and  stress,  327,  328,  329. 

Direct  current  ( see  Continuous  current). 
Direction  of  current,  33-35,  127,  358. 
Discharge — 

—  corona,  316. 

—  sluioes,  213. 

—  streams,  206. 

—  water  in  pipes,  232,  246  et  seq. 

—  weirs  and  notches,  205. 

Disruptive  critical  voltage,  316. 

Dissonance  coil,  351. 

Distribution  in  branch  circuits  (see  Vol.  2). 

—  panel,  385. 

Diversity  factor,  262  et  seq. 

Diverting  jets,  255. 

Dolomite,  85. 

Draft  tube,  214,  218,  220,  232,  233. 
Dransfield  voltmeter,  100. 

Drawing-in  cables,  290. 

Draw-out  switchboard,  376,  380. 

Driving,  electric  (see  Vol.  2). 

Drop  of  pressure,  24,  2S6. 

Drowned  weir,  205. 

Dry  cells,  127. 

Drysdale  potentiometer,  95. 

—  wattmeter,  109. 

Dry  test  of  insulators,  330. 

Duddell  oscillograph,  118. 

—  thermo-ammeter,  99. 

—  -Mather  wattmeter,  109. 

Dynamo  (see  also  Alternator ;  Generator). 

—  acyclic,  137. 

—  armature,  132,  133. 

—  balancing  on  3- wire,  141 . 
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Dynamo  ( cant .) — 

—  battery  charging,  138. 

—  brushes,  1$3. 

—  characteristic  curves,  134,  138. 

—  commutation,  139. 

—  commutator,  133. 

—  compound  wound,  134,  138,  148. 

—  efficiency,  146,  167. 

—  elementary,  132. 

—  excitation,  140. 

—  homopolar,  137. 

—  interpoles,  139. 

—  magnets,  32,  35,40  et  seq.,  81-83,  133,  138. 

—  parallel  running,  148. 

—  power  to  drive,  164. 

—  rating,  136. 

—  residual  magnetism,  81-83,  138. 

—  scries  and  shunt  wound,  138. 
Dynamometer  Type — 

- instruments,  101. 

- relays,  358. 

- wattmeters,  109. 

Dyne,  2. 

Earth— 

—  connection,  4,  347. 

—  intermittent,  351. 

—  plates,  347,  348. 

—  potential,  24. 

—  relays,  359. 

—  wires,  324,  347. 

Earthed  (conductor)  defined,  4,  353. 
Earthing — 

—  definition,  4,  363. 

—  lightning  arrester,  346. 

- conductor,  348. 

—  neutral,  354. 

—  posts,  etc.,  323,  324. 

—  regulations  as  to,  383. 

Ebonite,  73  (Table  7),  74. 

Economics  of  steam  and  water  power,  217. 

- overhead  and  underground  wires,  333. 

- power  factor  correction,  162. 

Economiser,  170. 

Eddy  currents,  39,  81,  82,  135. 

- braking,  114. 

Edina  alloy,  67  (Table  6). 

Effective  volts  and  amperes,  29. 

Efficiency" — 

—  alternators,  146. 

—  boilers,  etc.,  170. 

—  combined  sets,  189. 

—  Diesel  engines,  167,  179. 

—  dynamos,  146,  167. 

—  electrical, 

—  engines,  heat,  167,  179. 

—  frequency  and,  135. 

—  fuel  and,  166. 


Efficiency  ( cont .) — 

—  generators,  146,  167. 

—  power  factor  and,  155. 

—  power-house,  191. 

—  probable  limits,  191. 

—  turbines,  steam,  173. 

- water,  201. 

Einthoven  string  galvanometer,  96. 

Elastic  bitumen,  74. 

Elasticity — 

—  copper,  62,  67  (Table  6). 

—  metals,  67  (Table  6). 

—  wires,  324. 

Elaterite,  74. 

‘  Electrical  Times  ’  tables,  194,  269. 
Electricity  in  agriculture  and  mining  (see 
Vol.  2). 

—  Commissioners  and  Regulations,  135,  191, 

195,  197,  198,  293,  324,  326,  336. 

—  regulations  (factory  and  workshop),  58, 

151,  152,  293,  353,  356,  382. 

—  Supply  Act,  1919,  198,  322. 

-  1.922,  275. 

Electric  lighting,  heating,  circuits,  cutting, 
welding,  furnaces,  magnets,  precipitation, 
motors,  driving,  lifting,  traction,  road 
vehicles,  ship-propulsion  (sec  Vol.  2). 

—  horse-power,  51. 

—  lighting  Acts,  198,  275,  322. 

—  properties  of  metals,  59-65. 

—  supply,  public,  268. 

Electrochemical — 

—  generator,  127,  128. 

—  instruments,  89  et  seq. 

—  phase  advancer,  160. 

—  processes  (see  Vol.  2). 

—  series,  127. 

Electro-chemistry  (see  Vol.  2). 

Electrodes,  66. 

Electrodynamic  units,  2. 

Electrolysis,  127. 

Electrolyte,  68,  127. 

Electrolytic — 

—  cell,  127. 

—  corrosion,  324. 

—  instruments,  89  et  seq. 

—  iron,  82. 

—  lightning  arresters,  346. 

—  meters,  113,  114. 

Electromagnets,  32,  41,  133  (see  also  Vol.  2). 
Electromagnetic  generators,  132. 

—  instruments,  89  et  seq . 

Electro-metallurgy  (see  Vol.  2). 

Electrometer,  96. 

Electromotive  force,  22  (see  Pressure). 

—  counter,  132. 

—  of  thermo-couple,  122. 

Electroplating  cell,  127. 

Electro- positive  and  negative  elements,  127. 
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Electrostatic — 

—  capacity  of  cables,  311. 

—  charge  indicator,  104. 

—  flax  shield,  330. 

—  generator,  131. 

—  grading  of  insulators,  330. 

—  instruments,  89  ct  seq. 

—  ohmmeter,  119. 

—  oscillograph,  118. 

—  units,  2. 

—  voltmeter,  103,  104,  107. 

Elementary  explanations,  8  et  seq. 

Elongation  in  wires,  324. 

Elverson  oscilloscope,  123. 

Empire  cloth,  74. 

Enamelled  wire,  80. 

Enamels,  insulating,  76. 

Enclosed  fuses,  375. 

End  contractions  in  weirs,  205. 

End  turns  and  surges,  349. 

Energy — 

—  consumption  of  (see  Units  B.T.U.). 

—  measurement,  A.C.,  110. 

—  sources  of,  126. 

—  stored  in  field,  57. 

Engines,  Steam — 

- compared  wth  turbines,  189. 

- condensing  and  non-condensing,  172. 

- consumption  of  steam,  etc.,  167. 

—  gas  and  oil,  167,  179,  181. 

Equalising  circuit  for  compound  dynamos,  148. 
Equivalents,  electrical  and  mechanical,  48  el 
seq. 

— -  hydraulic,  202. 

Erg,  2. 

Erinoid,  73  (Table  7),  74. 

Errors  of  instruments,  92  et  seq. 

Eureka  alloy,  67  (Table  6). 

Evaporation  in  boilers,  170. 

Evaporative  condensers,  175. 
Everett-Edgcumbe  power  factor  indicator,  111. 

—  synchroscope,  149. 

Examples  of  tariffs,  275. 

Excessive  pressure,  causes,  345,  et  seq. 
Excitation  of  dynamos,  140. 

Exciter,  133,  140. 

Exhaust  Steam — 

- turbines,  173. 

- utilisation  of,  176,  188. 

Expansion  of  metals,  67  (Table  6),  331. 
Export  of  power,  198. 

Explosion-proof  tanks,  356. 

External  and  Internal — 

- characteristic,  138. 

- combustion,  166. 

- resistance,  21. 

Extra  high  pressure,  22. 

- cables,  288,  289. 

•*=• - -  transmission,  315  $t  seq. 


P ACEPLATE  switches,  374. 

Factory  and  Workshop  Regulations,  58,  151, 
152,  293,  353,  356,  382. 

Factor  of  Safety — 

- conductors,  324. 

-  —  insulators,  324. 

- overhead  wires,  324. 

- —  pipes  for  water  power,  248. 

- poles,  324. 

- stays.  324,  326. 

Failure  of  insulation  and  protection,  352. 

Fall  or  Head — 

- on  canals,  218. 

- general,  201-203,  215. 

- high,  Chap.  10. 

- low,  218-223. 

- medium,  224-233. 

- variable,  223. 

Farads,  2.  (*See  also  Capacity.) 

Faults — 

—  general,  Chap.  15. 

—  relays  and,  344. 

—  to  earth,  351. 

Feeder — 

—  panels,  385. 

—  reactance,  340,  370. 

—  services  and,  334. 

Feed  water,  171. 

Feme  alloy,  67  (Table  6). 

Ferranti-Field  leakage  protection,  352. 
Ferranti-Hawkins,  core  balance  system,  359. 
Ferro-nickel,  67  (Table  6). 

Ferrozoid  alloy,  67  (Table  6). 

Ferry  alloy,  67  (Table  6). 

Fibre,  vulcanised,  73  (Table  7). 

Fibroid,  74. 

Fibrous  insulators,  74. 

Field — 

—  alternator,  133,  140. 

—  building  up,  138. 

—  dynamo,  140. 

—  elementary,  32,  40  el  seq. 

—  general,  133. 

—  magnets,  133. 

—  residual,  81-83,  138. 

—  rheostats,  385. 

—  synchronous  motor,  160. 

Filters  for  ventilators,  146. 

Firth’s  steel,  81. 

Fire  risk,  356. 

Fireclay,  85. 

Fish  paper,  74.  <*> 

Fixed  charge  per  lamp,  272. 

Fixod  coil  galvanometer,  96. 

Flameproof  fuses,  375. 

—  switchboards,  376,  379. 

—  switches,  366. 

Flash-over  voltage,  330,  338, 
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Flat  rate  charges  for  energy,  270. 

Fleming’s  rule,  35. 

Flexible  WIres  and  Cables — 

- general,  284,  285. 

- — •  —  I.E.E.  rules,  285. 

Floating  battery,  142. 

—  weir,  244. 

Flood  discharge,  204. 

Flow  of  current,  direction  of,  33-35,  127,  358. 
Flow  of  Water — 

- and  storage,  234  et  seq.,  243. 

- approximations,  202. 

- from  catchments,  204. 

- in  pipes,  232.  246  et  seq. 

- —  over  weirs,  205,  244. 

- through  sluices,  213. 

Flue  gas  analysis,  171. 

Flumes  (water  channels),  211,  212,  237. 
Fluor-spar,  130. 

Flux,  Magnetic — 

—  —  density,  82. 

- general,  41,  43. , 

- measures,  121. 

- meter,  Grasset,  121. 

- shield,  330. 

Foot-pounds,  2,  48,  50,  52,  53,  201. 

Force,  2. 

—  lines  of,  35,  41. 

‘  Forced  draught  machine,’  4. 

Forcbays,  231,  235,  245. 

Form  factor,  30. 

Formite,  73  (Table  7),  74,  75. 

Formulco  for  transmission,  295,  297  et  seq. 
Fractional  distillation,  169. 

Fractionating  rain-gauge,  204. 

Fractions  in  oil,  178. 

Francis  wheel,  203,  214,  215,  221,  233. 

Freight  and  water-power,  217. 

Frequence — 

—  cliangers  or  converters,  135,  186  (see  also 

Vol.  2). 

—  effects  of  various,  135. 

—  errors  in  instruments,  92. 

—  general,  47. 

—  measures,  112. 

—  meters,  112,  385. 

—  speed  and,  123,  135. 
standard,  134,  135. 

Frictional  machine,  131. 

Friction  tape,  74. 

—  in  water  pipes,  247. 

Front  and  back  connections,  363. 

Fuel —  * 

—  capital  costs  and,  217. 

—  consumption  of  internal  combustion  en¬ 

gines,  179. 

—  costs,  269. 

—  gaseous  and  liquid,  178,  179. 

- —  general,  168, 


Fuel  (coni.) — . 

—  grate  area  and,  170. 

—  Research  Board,  169. 

—  steam  consumption  and,  167. 
Fullerboard,  74. 

Fuller  cell,  127. 

Furnaces,  electric,  156  (see  also  Vol.  2). 
Fuses — 

—  bimetal,  342. 

—  cartridge,  375. 

—  copper,  tin,  lead,  342. 

—  enclosed,  375. 

—  high-tension,  375. 

—  in  telephone  circuit,  335. 

—  oil-immersed,  375. 

—  standard,  B.E.S.A.,  375. 

—  -switch,  4. 

—  trip  relay,  344. 

Fusing  currents,  342. 

CjALALITH,  73  (Table  7),  74. 

Gallons  and  cusecs,  202. 

Galvanic  couple,  127. 

Galvanometers,  96. 

Gani8ter  brick,  85. 

Gas — 

—  blast  furnace,  167. 

—  engines,  167,  179,  181. 

—  fired  boilers,  170. 

—  fuel,  168,  L78,  179. 

—  producer  (suction),  167. 

—  town,  167. 

—  turbine,  179,  183. 

Gates,  water,  221. 

Gauge,  wire,  standard,  279. 

Gauss,  1,  40. 

General  Electric  Co.,  315,  371. 

Generating  costs,  194. 

Generating  station,  automatic,  187. 
Generators  (see  also  Alternator ;  Dynamo) 

—  and  accessories,  Chap.  4. 

—  burning  out  of,  356. 

—  capacity,  in  power-house,  189. 

—  delta  connection,  314. 

—  efficiency,  167. 

—  —  and  ventilation,  146. 

—  electrostatic,  131. 

—  elementary,  132  el  seq. 

—  frequency,  135. 

—  high-speed,  145.  • 

—  parallel-running,  148-150. 

—  panels,  385. 

—  power  to  drive,  164. 

—  rating  and  temperature  rise,  136. 

—  reactance,  340. 

—  series,  Thury,  317. 

—  star  connection,  314. 

Gennevilliera  plant,  173,  196,  288,  356, 
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German  silver,  67  (Table  6). 

Gilbert,  42. 

Giles’  valve,  346. 

Gilsonite,  74. 

Girard  wheel,  233. 

Glass.  73  (Table  7),  80. 

—  insulators,  74,  330. 

Glasgow  system  of  charging  for  energy,  273. 
Glow  lamps  and  power  factor,  156. 

Gold,  67  (Table  6),  127. 

Governors,  water  wheel,  221,  255,  256. 

Grade  of  cables,  281. 

- insulation,  4. 

Graded  insulation,  289. 

Gramme-centimetre  2. 

Graphical — 

—  construction  for  single-phase  lines,  300. 
- 3-phase  lines,  303. 

—  method  for  power  factor  and  K.V.A.,  157. 
- reactance,  etc..,  300,  303. 

—  symbols,  58. 

Graphite,  66. 

Graphitised  carbon,  66. 

Grasset  fluxmeter,  121. 

Grate  area,  170. 

Gravity  control  instruments,  90. 

Great  calorie,  48. 

Grounds,  arcing,  351. 

Grunsky’s  coefficients,  207. 

Guard  brackets,  324. 

Guttapercha,  73  (Table  7),  74. 

I”1  ADEIELD’S  steel,  83,  84. 

Half  and  quarter  wave  transmission,  318. 
Hamilton  poles,  323. 

Handyell  system,  372. 

Hard-drawn  copper,  66,  295,  307. 

Hard  rubber,  74. 

Harmonics  and  resonance,  350. 

Head  op  Water — 

- canal  falls,  218. 

- developments  of  high.  Chap.  10. 

- low,  218-223. 

- medium,  224-233. 

- elementary,  201. 

- lost  in  pipes,  247. 

- variable,  223. 

—  works,  236. 

Heat — 

—  distribution  in  boilers,  170. 

—  losses  in  power-house,  191. 

—  low  grade  and  waste,  176,  188. 

Heaters,  electric,  and  P.E.,  156. 

Heating — 

—  electric  (see  Vol.  2). 

—  effect  of  short-circuit,  338. 

—  of  cables,  291,  312,  338. 

—  of  insulation,  352, 


Heating  (cont.) — 

- surface  of  boiler,  170. 

Hecnum  alloy,  67  (Table  6).  * 

Height  of  overhead  lines,  324. 

Henley  Manual,  291,  311. 

Henries  and  millihenries,  2,  36. 

Hewlett  insulators,  330. 

High-fall  water-power,  Chap.  10. 
High-frequency  currents,  47  ( see  also  Light¬ 
ning). 

High  Pressure,  Electrical — 

- cables,  287-289. 

- defined.  22. 

- transmission,  315  et  seq. 

- engines,  172. 

—  -speed  generators,  145. 

Hoisting,  electric  (see  Vol.  2). 

Home  Office  regulations,  58,  151,  152,  293,  356. 
382. 

Homopolar  dynamo,  134,  137. 

Honda’s  steel,  83. 

Hopkinson’s  law,  transmission,  333. 

Horn — 

—  arresters,  346. 

—  fibre,  74. 

—  gap  switches,  364. 

Horse-power — 

—  equivalents,  51,  201. 

—  hour,  53,  202. 

—  indicated,  brake,  electrical,  etc.,  51,  202. 

—  in  water-power,  201. 

—  of  internal  combustion  engines,  179. 
Hot-spot  temperature,  1 22. 

Hot- well,  175. 

Hot  Wire — 

- instruments,  89  et  esq.,  99. 

- oscillograph,  118. 

Howard  leakage  detector,  352. 

H-poles,  323. 

Humphrey  pump,  182. 

Hunter  four-core  pilotless  system,  359. 
Hydraulic  analogies,  8,  9,  24,  46,  260. 

—  mean  depth,  210. 

Hydro-electrics,  Chaps.  8-10. 

Hydrographs,  208,  209. 

Hysteresis,  34,  81,  82. 

—  dielectric,  312. 

I CE  on  wires,  324,  331. 

Ideal  alloy,  67  (Table  6). 

Idle  component,  110. 

I.E.E.  rules  ( see  Wiring  rules).  r 
Impedance — 

—  cables,  310. 

—  elementary,  44-46. 

—  frequency  and,  135. 

—  on  overhead  lines,  299,  302,  307, 

—  switching  and,  370. 
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Impedance  ( cont .) — 

—  table  of,  ^07. 

Impregnation,  76,  86,  323. 

Impulse  protective  gaps,  346. 

Impulse  wheels,  203,  214,  238. 

Incandescent  lamps  and  power  factor,  .156. 
Incrustation  of  pipes,  247. 

India — 

—  rainfall  and  run-off  in,  204. 

—  water-power  in,  242. 

- cost  of,  216. 

—  wood  poles  in,  323. 

Indiarubber,  73  (Table  7),  74,  75,  287. 
Indicated  horse-power,  61. 

Indicating  devices  on  switchboards,  373. 
Indicator,  P.F.,  111. 

Induced  E.M.T.  and  frequency,  135. 
Inductance — 

—  cables,  310. 

—  defined,  2. 

—  overhead  lines,  299,  302,  307. 

—  resonance  and,  350. 

—  table  of,  307. 

Induction — 

—  alternator,  144. 

—  ammeter,  102. 

—  elementary,  35,  81,  82. 

—  furnace  and  powor  factor,  156. 

—  instruments,  89  et  s eq. 

—  magnetic,  81,  82. 

—  motor  and  frequency,  135. 

- power  factor,  156. 

- relay,  344. 

—  regulator,  142. 

—  self  and  mutual,  2,  35,  30. 

—  voltmeter,  102. 

—  wattmeter,  109. 

- relay,  358. 

Inductive  coils  for  arresters,  346. 

—  reactance  and  P.F.,  156. 

Industrial  processes,  electrical  ( see  Vo!.  2). 

—  load  curves,  266. 

I.E.C.  (see  International  Electro-technical 
Commission). 

Influence  maohines,  131. 

Instantaneous  relay,  344. 

Institution  of  Electrical  Engineers,  wiring 
rules,  4,  58,  152,  280  et  seq .,  293, 
356,  382. 

- Gas  Engineers,  169. 

Instruments  and  measuring.  Chap.  3. 
Instrument  transformers,  108,  384. 
InsulatedVires  and  cables,  310  et  seq. 
Insulating  materials,  constants,  etc.,  70  et 
seq. 

—  paint  and  varnish,  76. 

Insulation  (see  also  Dielectric) — 

—  cables  (see  Cables). 

—  class,  283. 


Insulation  (cont.) — 

—  equivalent  stress  with  A.C.  and  D.C., 

298. 

—  failure  of,  352. 

—  grade  of,  281. 

—  graded,  289- 

—  high-pressure  cables,  287-289. 

—  overhead  lines  (see  Overhead  lines). 

—  resistance,  119. 

—  voltage  and  strain  on,  298. 

Insulators — 

—  and  conductors,  59. 

—  capacity  of,  330. 

—  cap  type,  330. 

—  condenser  ty  pe,  368. 

—  general,  74,  330. 

—  solid  and  plastic,  74. 

Installations  and  cost  (see  Vol.  2). 

Intensity  rain-gauge,  204. 

Inter-connection  of  systems  and  plant,  186, 

320,  357  et  seq. 

Interlocked  switchgear,  366  et  seq.,  373. 
Intermittent  earths,  351. 

Internal  and  external  characteristics,  138. 
- combustion,  166. 

—  combustion  engines  ( see  Gas  engines ;  Oil 

engines). 

—  resistance,  21. 

International  definitions,  3. 

—  Electro-technical  Commission,  6,  62,  87; 

136,  152,  258,  262. 

—  horse- power,  51. 

Interpoles,  139. 

Interruptions  to  supply.  355. 

—  of  excessive  current,  341 . 

Intersheaths,  289,  311,  319. 

Inverse  time  limit  relay,  344. 

Inward  and  outward  flow  turbines,  233. 
Ionisation,  79,  105,  316. 

Iridium,  67  (Table  6). 

Iron,  properties,  64,  66,  82,  127,  331. 

Ironclad  reactance,  340. 

—  switchboard  and  switches,  366,  376, 

379. 

Iron  conductors,  331. 

—  -constantan  couple,  122. 

Irwin  oscillograph,  118. 

Isolated  neutral,  351. 

Isolating  switches,  338,  361,  302,  385. 

J  ET  arrester,  346. 

—  condenser,  175. 

Jets  and  impulse  wheels,  255. 

Joints,  cable,  290. 

—  pipes,  252. 

Joule,  2,  57. 

Johnson  valve,  253. 

Jute,  73  (Table  7),  74. 
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K^ALANITE,  75,  330. 

Kapp — 

—  phase  advancer,  160. 

—  method  of  finding  phase  sequence, 

150. 

Kathode  (Cathode),  118,  127. 

Kaplan  wheel,  215. 

Kelvin  balance,  101. 

Kelvin’s  law,  333. 

Kicking  coil,  346. 

Kieselguhr,  85. 

Kilogramme-calorie,  48. 

Kilovolt-ampere,  55,  56. 

Kilowatt,  50. 

—  method  of  charge,  272. 

—  -hours,  2,  52. 

- generated  in  U.K.,  197. 

Knife  switches,  363. 

Kromore  alloy,  67  (Table  6). 

Kruppin,  67  (Table  6). 

K.V.A.,  55,  56. 

Kyanising,  86. 

Lagging  boilers,  171. 

—  currents,  46,  153  et  seq.,  304. 

Lakes,  storage,  244. 

Lamp,  slowing-down  oscilloscope,  123. 

—  sychroscope,  149. 

Lancashire  boiler,  170. 

Lattioe  pole,  323. 

Law — 

—  Kelvin’s  and  Hopkinson’s,  333. 

—  of  electricity,  198,  275,  322. 

Laxapana  hydro-electric  scheme,  243. 

Layered  insulation,  79. 

Lead  and  return,  9. 

Lead — 

—  -covered  cable,  283. 

—  fuses,  342. 

—  properties,  65,  67  (Tablo  6),  127. 

—  peroxide  arrester,  346. 

Leading  and  lagging  currents,  46,  153  et  seq., 
304. 

Leakage  currents,  71,  95,  352. 

—  and  protection,  352. 

—  in  instruments,  95. 

Leclanch6  cell,  127. 

Letheroid,  73,  74  (Table  7). 

Level  and  over-compounding,  138. 

Leyden  jar,  46. 

Life  of  wood  poles,  86,  323. 
lifting  dams,  219,  225. 

—  magnets,  84. 

Lifts,  electric  (see  Vol.  2). 

Light,  velocity  of,  47. 

Lighting,  electric  (see  Vol.  2). 

—  maximum  demand,  265. 


Lightning — 

—  and  telephones,  335.  n 

—  arresters,  45,  334,  335,  346,  385. 

—  conductors,  348. 
lignite,  168. 

Lime-silica  cement,  75. 
limitation  of  current,  337,  340. 

Linear  expansion  of  metals,.  67  (Table  6). 
Line  fault  relays,  359. 

Linesman’s  detector,  96. 

Lines  of  force,  35,  41. 

—  overhead  and  underground,  Chap.  11. 
linked  switch,  4. 

Lipman  frequency  meter,  1 12. 

Liquid — 

—  fuel,  178. 

—  insulators,  77. 

—  resistance,  68. 

Litharge  arrester,  346. 

Live  steam  utilisation,  176. 

Load  curves,  265,  266. 

Load  despatches  190,  382. 

Load  Factor — 

- and  efficiency,  191,  194. 

- and  water-power  217. 

- defined  and  explained,  261,  263  et 

Loading  coils,  82. 

—  transmission  line,  318. 

Local  action,  127. 

Local  Authorities — 

- and  companies’  supplies,  195. 

- wayleaves,  322. 

Lohys  steel,  82. 

Long  distance  transmission,  315  et  seq. 

—  spans,  324  et  seq.,  329. 

Loss  of  head,  247. 

Losses  in  cables,  dielectric,  312. 

- plant,  191. 

- power-house,  193. 

Low-grade  heat,  using,  176,  188. 

Low  heads,  hydraulic,  Chap.  9. 

—  -pressure  turbines,  170. 

‘ —  -pressure  ’  (electric)  defined,  22. 

—  temperature  distillation,  169. 

Low  Voltage — 

- and  interruptions,  355. 

- release,  355. 

- tripping.  372. 

Lucere  alloy,  67  (Table  6). 

Machinery,  rating  of,  m.  ^ 

Magnesite,  85. 

Magnesium,  67  (Table  6),  127. 

Magnets — 

—  elementary,  32,  40  et  seq. 

—  field,  133. 

—  interpoles,  139. 

—  lifting  ( see  Vol.  2). 
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Magnets  (cant.) — 

—  Maxwell’s  ^ule,  32. 

—  polarity  and  current,  32,  35. 

—  reluctance,  41,  42. 

—  residual  magnetism,  81-83,  138. 

Magnetic — 

—  blow-out,  365. 

—  circuit,  41. 

—  field,  40,  92. 

—  flux  measures,  121. 

—  pyrometers,  122. 

—  shunts,  107. 

—  steel  and  non-magnetie,  81  c.t  seq. 
Magnetisation  curve,  81. 

Magnetism,  current  and  motion,  35. 
Magnetomotive  force,  41,  42. 

Magno-nickel,  67  (Table  6). 

Mains  (see  Overhead  lines  ;  Cables). 
Maintenance,  depreciation,  and  repairs,  194 
(see  also  Vol.  2). 

Management  in  power-house,  194. 
Mangan-bronze,  335. 

Manganese — 

—  properties,  127. 

—  -copper,  67  (Table  6). 

- steel,  67  (Table  6),  84. 

Manganin,  67  (Table  6). 

Manning’s  formula,  212. 

Marble,  73  (Table  7),  74. 

Marylebone  charges,  272. 

Mo88,  2. 

—  curves,  hydraulic,  209. 

Master  control,  373. 

Materials  and  properties,  Chap.  2. 

Maximum — 

—  flow-off  catchment,  204. 

—  temperature  in  fabrics,  80. 

—  values  in  A.C.,  31. 

- of  volt  and  ampere,  31. 

Maximum  Demand — 

- explanation,  259  et  seq. 

- indicator,  117. 

- tariffs,  272. 

Maxwell’s  rule  for  magnets,  32. 

M‘Coll  biassed  relay  system,  359. 

Mean  and  surface  velocity  of  water,  206,210. 

—  value  of  sine  wave,  30. 

Measuring  :  Measurements — 

—  accuracy  of,  92. 

—  conductance  and  resistance,  119,  120. 

—  current  and  pressure,  98  et  seq. 

—  electrical,  Chap.  3. 

—  of  flow  water,  205,  206,  210,  213. 

- frequency,  112. 

- maximum  demand,  117. 

- flux,  121. 

- power,  109. 

- factor,  157. 

- revolutions,  123. 


Measuring  :  Measurements  ( coni. ) — 

—  of  supply,  113  et  seq. 

- temperature,  122. 

- wave  form,  118. 

—  instruments,  89  et  seq. 

—  resistance,  119,  120. 

—  standard,  95. 

Mechanical  effect  of  short-circuit,  338,  339. 

—  efficiency,  166,  167. 

Mechanical  Equivalents — 

- of  heat,  166. 

- horse-power  hour,  53. 

- watts  and  kilowatts,  49,  50. 

- watt-hours  and  kilowatt-hours,  52. 

Medium  falls,  water-power,  224. 

—  pressure  defined,  22. 

—  resistance  steel,  82. 

Megger  test  set,  119. 

Megohm,  19. 

Melting-point  of  metals,  etc.,  67  (Table  6). 
Mercury — 

—  boiler,  166. 

—  meters,  115. 

—  properties,  65,  67  (Table  6),  127. 

Merz  maximum  demand  indicator,  1 17. 

—  -Hunter  split-conductor  system,  359. 
Merz-Price — 

—  balanced  voltage  system,  359. 

—  circulating  current  system,  359. 

—  conductors,  288,  290. 

Mesh  and  star  condenser  connections,  160. 

—  (Delta)  connection,  143,  160. 

Metals,  electro- chemical  series,  127. 

—  properties  (see  under  Copper,  etc.)*  67 

(Table  6). 

Metal-graphite  brushes,  66. 

Meters — 

—  ampere-hour,  114. 

—  cyclometer  dial,  113 

—  electrolytic,  89,  114. 

—  frequency,  112. 

—  general,  54,  113  et  seq. 

—  maximum  demand,  117. 

—  phase,  111. 

—  reading  dials,  113. 

—  recording,  93. 

Metering  energy  ( see  also  Meters),  270. 
Metropolitan  electric  supply,  317. 

*  Metropolitan  ’  system  of  charging,  273. 

Mhos,  18. 

Mica,  73  (Table  7),  74,  80. 

—  cloth,  73,  74. 

Micafolium,  74. 

Micanite,  73  (Table  7),  74,  80. 

Micarta,  73  (Table  7),  74. 

Micro-ampere,  26. 

Microfarad,  2  (see  Capacity). 

Microsol,  86. 

Middle  wire  (see  Neutral). 
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|  •  Mil,  circular,  292,  309. 

No-mag  iron,  67  (Table  6).  ^ 

!  Miles  Walker  phase  advancer,  160. 

No-mag  steel,  84.  f 

Milliampere,  26. 

Non-arcing  metals,  346. 

Millihenry,  2,  36. 

Non-association  cables,  281,  284. 

Millivoltmeter,  106. 

Non- condensing  engines,  172. 

Mineral  caoutchouc,  74. 

Non-inductive  coils,  35. 

Minimum  charges,  271. 

Norwegian  water-power,  219,  243. 

j  Mining,  electricity  in  (see  Vol.  2). 

Norwich  system  of  charging  for  energy,  273. 

—  switchgear,  379. 

Notodden,  219. 

Ministry  of  Transport,  322. 

Notches,  discharge  of,  205. 

Mixed-pressure  turbines,  (steam),  173. 

No- voltage  release,  355. 

—  -flow  wheels  (water),  233. 

Nozzles  for  Pelton  wheels,  253. 

Modulus  of  elasticity  of  metals,  etc.,  67  (Table  G ). 

Nv  strom’s  table,  -wind,  324. 

Molybdenum,  67  (Table  6). 

1  Mond  gas,  169,  178,  195. 

r\ 

Monel  metal,  66  (Table  6). 

V^/eRSTEDS,  43. 

j  Moody  ejector  turbine,  220. 

Official  Regulations  (see  Electricity  Commis¬ 

Moscieki  condenser,  346. 

sioners  ;  Home  Office ;  etc.). 

;  Motor  cars,  electric  (see  Vol.  2). 

Ohm  (see  also  Resistance),  2,  3,  17,  19. 

?!  Motor(s)  (see  also  Vol.  2) — 

Ohm’s  law,  17,  21.  24,  25,  28,  40,  44,  49. 

—  control  (see  Vol.  2). 

Ohmer,  119. 

—  elementary,  132. 

Ohmeters,  97,  119. 

i  —  frequency  and,  135. 

Oil-break  switches,  366  et  seq. 

—  -generators,  142  (see  also  VoL  2). 

Oiled  tape  and  cloth,  74. 

—  meters,  112,  114. 

Oil — 

;  —  panels,  385. 

—  fuel,  168,  178,  179. 

—  rating  and  temperature  rise  of,  136. 

—  -immersed  fuses,  375. 

:j  —  types  defined,  4. 

—  insulators,  77. 

Moulded  type  insulators,  75. 

—  switches,  367. 

Moutiers-Lyons  scheme,  317. 

—  turbine,  179,  183. 

Moving-coil  instruments,  96,  101. 

—  varnish,  76. 

—  -iron  ammeter  and  voltmeter,  100. 

—  waste,  etc.,  cost,  269. 

—  power-factor  indicator,  111. 

Oil  Engines — 

Multiple  gap  arresters,  346. 

- Diesel,  167,  179,  180. 

Multiway  switchos,  374. 

- effect  of  altitude,  179. 

Mutual  inductance,  2,  35  (see  Induction). 

- efficiency,  180. 

- fuel  consumption,  167. 

- semi- Diesel,  180. 

AGLER  wheel,  215. 

Omega,  119. 

Nalder-Lipman  power-factor  indicator.  111. 

Ondograph,  118. 

Nalder  and  Thompson  frequency  meter,  112. 

Open  Channels  for  Water — 

Natural  frequency,  47. 

- an<l  pipes,  251. 

—  gas,  167,  178. 

- Bazin’s  formula,  210. 

Needle  valve,  255. 

— - - calculating  size,  211,  237. 

Negative  boosters,  142. 

- general,  211,  237,  251. 

I®  Networks,  interconnected,  142. 

- gradient,  211. 

f  Neutral — 

- Manning’s  formula,  212. 

—  conductor,  4. 

Open  circuit,  9. 

—  earthing,  354. 

—  fuses,  375.  « 

—  of  three- wire  system,  141. 

—  penstock,  218. 

:■?  —  zohe  and  interpoles,  139. 

Open  sparking,  375. 

Niagara  falls,  226. 

Operating  mechanism  of  switches,  372. 

Nichrome,  67  (Table  6),  122. 

Optical  pyrometer,  122.  ** 

Nickel,  65,  67  (Table  6),  81,  127. 

Oscillating  discharge,  346. 

—  -chrome,  67  (Table  6). 

Oscillation  period,  47. 

—  -nichrome  couple,  122. 

Oscillograph,  118. 

—  -silver,  67  (Table  6). 

Oscilloscope,  123. 

- steel,  65,  67  (Table  6),  82,  84. 

Outdoor  switchgear,  376,  381. 

Nickelin  alloy,  67  (Table  6). 

Outer  wire,  4,  141. 
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Outward  flow  wheel,  233. 

Over-compounding,  138. 

Over-excited  synchronous  moter,  160. 
Oversead  Lines  (see  also  Transmission) — 

- aluminium,  308. 

- breakage  of,  324. 

- cables  v.,  334. 

- capacity,  305,  306. 

- conductors  other  than  copper,  308,  309, 

331. 

- construction,  324. 

- copper  conductors,  307. 

- cost,  332,  334. 

- dip  and  stress,  328,  329. 

- earthing  poles,  324. 

- factor  of  safety,  324. 

- general,  324  et  seq. 

- impedance,  inductance,  etc.,  299  et  seq. 

- insulators,  74,  330,  368. 

- poles  for,  329. 

- reactance,  etc.,  299  et  seq. 

- regulations,  324. 

- setting  out,  324. 

- safety  devices,  324. 

Overheating  insulation,  352. 

Overload — 

—  general,  338. 

—  rating  and,  136. 

—  relays,  344,  357  et  seq. 

—  tripping,  372. 

Oxide  film  arrester,  346. 

P AINT,  insulating,  76. 

Palladium,  67  (Tabic  6). 

Panels,  arrangement  of  switchboard,  385. 
Panel  type  switchboards,  376,  377. 

Paper  as  dielectric,  73  (Table  7),  74,  80,  287. 
Paper-insulated  cables,  283,  287.  311. 

Para  and  diamagnetism,  32. 

Paraffin,  178,  179. 

—  engines,  167,  180. 

—  wax,  73  (Table  7),  74. 

Parallel-flow  wheels,  water,  233. 

—  running  of  dynamos,  148. 

- alternators,  149,  150. 

—  transmission  lines,  321. 

Paxolin,  73,  74. 

Peak  factor,  30. 

Pelton  wheels,  203,  214,  215,  238,  253. 

—  nozzles,  263. 

Pendulum  meters,  115. 

Penstock,  6pen,  218. 

Periods  ;  Periodicity,  12,  135. 

Permeability,  40,  43,  81,  82. 

Permalloy,  82. 

Permanent  magnets,  83. 

—  magnet  ammeter  and  voltmeter,  101. 
Permanite  steel,  83. 


Peterson  earth  coil,  351. 

Petrol,  178,  179. 

—  engines,  167,  180. 

Petroleum,  73  (Table  7),  77,  178,  179. 

Phase — 

—  advancers,  160. 

—  connections,  150. 

—  general,  11,  56.' 

—  meters,  111,  157. 

—  rotation,  150. 

Phenix  alloy,  67  (Table  6). 

Phosphor-bronze,  67  (Table  6),  331,  335. 
Piezo-electric  effect,  130. 

Pilot  wires,  359. 

Pin  and  suspension  insulators,  330. 

Pipes,  Turbine — 

- general,  232,  246  et  seq.  ,v 

- joints,  252.  J-*  , 

- line,  example,  249. 

- special,  250. 

Pipe- ventilated  machine,  4. 

Pitch,  73  (Table  7),  75.  "  .  [ 

Plant —  / 1- 

—  general  (Chap.  7).  !  , 

—  cost  of,  195.  ,]| 

—  space  required,  196.  \\  ~\ 

—  spare,  190. 

Plastic  insulators,  74.  V, 

Plating  vat,  127.  \  , 

Platinoid,  67  (Table  6). 

Platinum,  65,  67  (Table  6),  127*; 
Platinum-iridium,  67  (Table  6).  - 

—  -rhodium,  67  (Table  6),  122. 

- silver,  67  (Table  6). 

—  thermometer,  122. 

Point,  defined,  4. 

*  Point-five  ’  tariff,  273. 

Polarisation,  89,  127. 

Polarised  instruments,  127  et  seq. 

Polarity  and  flow,  33. 

Poles  (magnetic),  number  of,  138,  254 . 

—  and  towers  for  overhead  lines,  86,  323, 

324  et  seq.t  329. 

Polyphase  (.see  Alternating  current). 

Poncelet  wheel,  233. 

Porcelain — 

—  fuses,  375. 

—  general,  properties,  73  (Table  7),  74,  80. 

—  insulators,  330. 

Portland  cement,  75. 

Post  Offieo  bridge,  120. 

- technical  instructions,  324. 

Potassium,  127. 

Potential  (see  also  Pressure) — 

—  and  current  transformers,  108,  384. 

—  difference  of,  2,  22. 

—  divider,  95,  107. 

—  earth,  24. 

—  gradient  on  insulators,  330. 
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Potentiometer,  95. 

Poundal,  2. 

Powell  process  for  timber,  86. 

Power — 

—  and  work,  48. 

—  apparent  and  true,  153. 

—  consumed  by  instruments,  94  et  seq. 

—  elementary,  2,  48,  55,  56. 

—  lost  by  corona,  316. 

—  stations,  Chap.  7. 

—  transmission.  Chap.  11. 

—  water  (see  Water-power). 

Power  Factor — 

- and  voltage  regulation,  155. 

- avoidance  of  low,  158. 

- capacity,  condensance  and,  156. 

- causes  of  low,  156. 

- correction,  159-162. 

- elementary,  55,  56. 

- effects  of,  155. 

- efficiency  and,  155. 

- errors  of  instruments,  92. 

- excitation  and,  140. 

- improvement,  159  et  seq. 

- indicators,  111,  157,  385. 

- measurement,  157. 

- of  line,  300,  303. 

- various  loads,  157. 

- reactance,  condensance  and,  156. 

- tariffs  ani  274. 

Power-house — 

—  buildings,  196. 

—  data  of  plant,  Chap.  7. 

—  efficiency,  192,  193. 

—  losses,  191. 

Power  Required — 

- for  driving  generators,  164. 

- charging  cables,  311. 

- for  instruments,  94  et  seq. 

- excitation,  140. 

Precipitation  test,  330. 

—  electric  (see  Vol.  2). 

Preece’s  formula  for  fuses,  342. 

Prepayment  meter,  116. 

Preserving  timber,  86. 

Pressboard  (Presspahn),  73  (Table  7),  74. 
Pressure  (Electrical),  E.M.F.  ( see  also 
Volt)— 

—  and  current  of  alternator,  143. 

—  definitions  and  elementary,  22,  24. 

—  drop  in  cables,  286. 

- and  frequency,  135. 

—  effective,  29. 

—  excess,  causes  of,  345. 

—  gradient,  72,  368. 

—  high,  medium,  and  low,  22,  23. 

—  insulation  and,  297. 

— •  maximum,  31. 

—  reduoing  coil,  95,  107. 


Pressure  (Electrical)  E.M.F.  (cant.) — 

—  R.M.S.,  29,  30. 

—  regulation  by  booster,  142. 

—  standard  (British),  134. 

—  virtual,  29. 

Pressure  and  Piezo  effect,  130. 

—  on  poles,  wind,  324,  329,  331. 

—  in  pipes,  248,  249. 

—  steam,  174. 

Primary  cells,  127,  128. 

Prime  movers.  Chap.  6. 

- choice  of,  189. 

Private  and  public  supply,  185  et  seq. 

Producer  gas,  167,  178,  181. 

Protected  machine,  4. 

Protection  of  circuits.  Chap.  15. 

Protective  reactance,  340. 

Public  supply,  185  et  seq. 

Pulverised  coal,  168. 

Pump,  Humphrey,  182. 

Purchase  of  energy,  185  et  seq. 

Pyro-eleotric  conductor,  72. 

Pyrometry,  122. 

Q  UARTER-  and  half-wave  transmission, 
318. 

Quartz,  73  (Table  7),  74,  130. 

Quick- break  switohes,  363  et  seq. 

Radiation  pyrometer,  122. 

Rail-bond  resistance,  120. 

Rainfall  and  run-off,  204. 

- storage,  241. 

Rain-gauge,  fractionating,  204. 

Rateable  value  charges,  273. 

Rating  of  machinery,  136. 

- oil  switches,  369. 

Rayo  alloy,  67  (Table  6). 

Reactance — 

—  alternators,  147. 

—  cables,  310. 

—  capacity,  46,  135,  304. 

—  coils,  346. 

—  component,  110,  154. 

—  elementary,  44-46. 

—  of  short  circuit,  370. 

—  overhead  lines,  299  et  seq. 

—  protective,  340. 

—  switching  and,  370. 

—  table  of,  307. 

Recalesoence,  64,  84. 

Recording  instruments,  93,  97. 

Records  in  power-house,  192,  193. 

Recovery' plants,  169. 

Rectangular  weirs,  205. 

Rectified  ourrent,  13,  132. 

Rectifiers  (see  Vol.  2). 
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Red  roj>c  paper,  74. 

Reed  frequency  meter,  1 1 2. 

Refractories*  85. 

Refuse  as  fuel,  168. 

Register  gate,  221. 

Regulating  storage,  231,  230. 

Regulation — 

—  alternators,  147. 

—  turbines,  low  fall,  221. 

- Pelfcon,  255,  256. 

Regulations,  official  (nee.  Electricity  Commis¬ 
sioners  ;  Homo  Office ;  also  Vol.  2). 
Reinforced  concrete  poles,  323. 

Relays,  124,  343  el  seq,  357  el  seq,  368. 
Reluctance,  41,  42. 

Remanent  magnetism,  81-83,  138. 

Remote  control,  372,  373,  378. 

Rejwutn  and  maintenance,  104,  260. 

Repulsion  between  conductors,  338. 

Reservoirs  and  storage,  230  et  seq. 

—  balancing,  240. 

Residual  magnetism,  81-83,  1 38. 

Resins,  73,  74. 

Resist  a  alloy,  67  (Table  6). 

Resistance — 

—  alloys,  67  (Table  6). 

—  copper,  62. 

—  elementary,  2,  8,  17,  10-24. 

—  hard-drawn  copper,  307. 

—  insulation,  U0. 

—  materials,  67  ('Fable  0). 
measurements,  110,  120. 

—  metals  and  alloys,  67  (Table  6). 

—  reactance,  impedance  (q.v.)f  44-46. 

—  shunt,  138. 

—  thermometers,  122. 

Relativity,  18. 

Rcsonanco,  47,  318,  350. 

Restricted  hour  tariff,  272. 

Return  circuit,  9. 

Itovorse  current  and  power  relays,  367,  358. 
Revolutions,  measuring  stroboscopioally,  123. 
Reyrolle  switchgear,  380. 

Rheostats,  138,  385. 

Rheostene  and  rheotan  alloy,  67  (Table  6). 
Ring  mains,  383. 

Rivers,  bends  and  falls  on,  206,  210,  228. 
Riveted  and  welded  pi  pew,  248. 

Rjukam  plant,  243. 

Road  vehicles,  electric  (see  Vol.  2). 
Root-mean-sqiifire  valuer,  20,  66. 

Rope  drive,  164. 

Rosin  oi!,#74. 

Rotation,  phaae,  150. 

Rotary  condenser,  1 60. 

—  converter,  135,  156. 

Rotor.  133. 

Rubber,  73-75,  287. 

Rubbered  tape,  74. 


Rule — 

—  Amj>ere’s,  33. 

—  Crompton’s,  33. 

—  Fleming’s,  35. 

—  Maxwell’s,  32. 

Rules,  Wiring,  of  the  I.E.E.,  4,  68,  152,  280 
tt  stq.y  293,  382. 

—  and  regulations  (see  Board  of  Trade ; 

Eleofcricity  Commissioners  ;  also  Vol.  2), 

—  as  to  switchgear,  382. 

Ruping  process,  86. 

Rupturing  capacity  of  switches,  369-371. 
Rutger  proooss,  86. 

S.W.G.,  279. 

Saachom  plant,  243. 

Saooharino  process,  timbor,  86. 

Safety  devices,  324. 

Sag  of  overhead  lines,  328,  320. 

Sale  of  energy,  268,  270  et  seq. 

Sand  traps,  238,  240. 

LSaturation  density,  81,  82. 

Sawdust  as  fuel,  168. 

SB  alloy,  67  (Table  6). 

Scales  for  instruments,  91. 

Soherbius  phase  advancer,  160. 

Secondary  colls,  127  (set  also  Vol.  2). 

Seower  turbine  governing,  255. 

Soloctive  protection,  357  et  seq. 

Selector  switches,  362. 

Self-balance  system,  359. 

—  -oxoiting,  133,  140. 

—  -inductance,  2,  35. 

Semi- Diesel  engino,  179,  180. 

Scmi-enclosed  machine,  4. 

Separate  excitation,  133,  140. 

Series — 

—  dynamos,  138. 

- in  parallel,  148. 

—  insulators  in,  330. 

—  rc-sistance  in  voltmoter,  107. 

—  winding,  134,  317. 

Setting  out  overhead  linos,  324. 

Shaped  conductor  cables,  311. 

Sheathed  cables,  369  (see  Intorsheaths). 

—  pilot  system,  359. 

Shellac,  73  (Table  7),  74,  75. 

Ship  propulsion,  oleotrio  (see  Vol  2). 

Short  Circuit — 

- general,  25,  337,  338. 

- isolating  switches  and,  338. 

- in  switches,  368. 

—  — -  reactance,  370. 

Short-time  rating,  136. 

Shunts  in  instruments,  107. 

Shunt — 

—  current,  138. 

—  discharge  path,  367. 
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Shunt  (cont.) — 

—  dynamo,  138. 

- in  parallel,  148. 

—  resistance,  138. 

—  winding,  134. 

Siemens  (horn)  arrester,  346. 

Silica,  73,  74,  85. 

Silicon-bronze,  67  (Table  6),  329,  331,  335. 
Silicon-steel,  67  (Table  6). 

SiHt,  67. 

Silk,  73  (Table  7),  74,  80. 

Silt’ traps,  238,  240. 

Siluminite,  73  (Table  7). 

Silver,  65,  67  (Table  6),  127. 

Sine  wave,  11,  30,  350. 

Single-core  cable,  319. 

Single-phase  {see  also  Alternating  current : 
Transmission  of  power) — 

—  alternator,  134,  143. 

—  capacity  and  charging  current,  305. 

—  elementary,  11. 

—  power,  110. 

—  transmission,  297,  299  et  seq. 

Single- pole  switch,  4. 

Six-phase  transmission,  319. 

Size  of  wires,  279,  307. 

Skin  effect,  38,  135,  309. 

Slate,  73  (Table  7),  74. 

Slip  and  stroboscope,  123. 

Slip-ring,  133. 

Slope  of  stream  bed,  210. 

Sluices,  213. 

Snow  on  wires,  324,  331. 

Soapstone,  74. 

Sodium,  127. 

Sodium-silicate  cement,  75. 

Solenoids,  355. 

Solid  insulators,  74. 

—  laid  cables,  290. 

Solignum,  86. 

Spacing  of  overhead  lines,  327. 

Span  and  dip  of  overhead  lines,  324,  327,  329. 
Spare  plant,  189,  190. 

Spark  gap — 

- arresters,  346. 

- general,  89. 

- voltage,  78. 

- voltmeter,  105. 

Sparkless  commutation,  139. 

Spear  and  nozzle,  255. 

Special  pipes,  250. 

—  switches,  374. 

Specifications  ( see  Vol.  2). 

Specfic  gravity  and  specific  heat  of  metals, 
etc.,  67  (Table  6). 

—  inductive  capacity,  46,  60,  70. 

Specific  Resistance — 

- dielectrics,  70,  71, 

- electrolytes,  68, 


Specific  Resistance  ( cant .) — 

- general,  59.  * 

- metals,  etc.,  67  (Table  6),  $2. 

- steel  and  iron,  82. 

—  speed,  215,  233. 

Speed — 

—  and  frequency,  123,  135. 

- head,  223. 

—  measurements,  123. 

—  specific,  215,  233. 

—  turbines  (steam),  145. 

—  water  wheels,  222,  254. 

Spiral  casing,  233. 

Spirit  varnish,  76. 

Split  conductor  system,  288,  290,  359. 
Spouting  velocity,  214. 

Spring  control,  90. 

—  operated  fuses,  375. 

Square-mile  foot,  202. 

Stabilit,  74. 

Stalloy,  82. 

Standard — 

—  British  E.S.A.  ( q.v ). 

—  cells,  95,  128. 

—  conductors,  279. 

—  frequency,  134,  135. 

—  instrument  transformer,  1 08. 

—  measurements,  95. 

—  oil-break  switches,  371. 

—  pressures  (British),  23. 

—  rating,  136. 

—  resistance,  20,  95,  106. 

—  station  pressure,  134. 

—  wire  gauge,  279. 

Standing  charges,  272. 

Stand-pipe,  232,  249,  251. 

Star  and  delta  connections,  143,  314. 

—  -delta  connection,  158. 

Static  condenser  and  power  factor,  160. 
Station  pressure,  23. 

Statistics  of  power,  165,  192,  193, 

Stator,  133. 

Stay  wires,  326. 

Steam — 

—  accumulator,  177. 

—  boilers,  170. 

—  condensers,  175,  191. 

—  consumption,  engines,  167. 

- turbines,  167,  173. 

—  cycle,  166. 

—  fuel  and,  consumption,  167. 

—  turbines,  145,  167,  173,  174,  189. 

- consumption,  167,  173.  r 

- cost,  195. 

—  and  water-power  compared,  217. 
Steatite,  74. 

Steel — 

—  conductors,  328. 

—  magnetic  and  non-magnetic,  81  et  seq. 
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Steel  (cont.) — 

—  overhead  jfires,  328,  331. 

—  pipes  (see  Pipes,  turbine). 

—  poles,  323. 

—  properties,  64,  82. 

—  skin  effect,  309. 

—  wires,  331. 

- constants  of,  309. 

Step-down  transformer,  108. 

Still  engine,  179. 

Stirling  boiler,  170. 

Stone  insulators,  74,  330. 

Storage  batteries  (see  Secondary  cells). 

Storage  of  fuel,  168,  196. 

Storage  op  Water — 

- -  approximations,  202. 

- dams  and,  225. 

- flow  and,  on  medium  head  plants, 

229. 

- high  head  plants,  234  et 

'  seq. 

- mass  curves  and,  209. 

- plants  depending  on,  241  et  seq. 

- regulating,  239. 

Streams,  discharge  of,  206. 

Strength  of  poles,  325. 

Stress  (see  Breaking  stress). 

String  electroscope,  96. 

—  galvanometer,  96. 

Stroboscopes,  123. 

Submarine  oables,  198,  292,  329. 

Sub-stations  (see  Vol.  2). 

—  out-door,  381. 

Suction  (producer)  gas,  167. 

—  head,  214,  218,  220,  232,  233. 

Sulphur,  73  (Table  7). 

Sulzer  engine,  172. 

Summation  meters,  116. 

—  panels,  385. 

Sumpnor  wattmeter,  109. 

Sun-power,  165. 

Superheating,  170,  172,  174. 

’  Superior  *  alloy,  67  (Table  6). 

Supply,  Electric  (see  also  Vol.  2,  Systems  of 
supply)— 

- charges  (see  Tariffs). 

- interruptions  to,  355. 

- meters,  113  et  seq. 

Surface  condenser,  176. 

—  velocity  of  stream,  206,  210. 

^Surges,  45. 

—  lightning,  346. 

—  switching,  349. 

Surge  tower,  232,  249,  251. 

Suspension  insulator,  330. 

Switches  (see  also  Vol.  2,  Branch  switches, 
etc.) — 

—  general,  362  et  seq . 

—  oil  for,  77. 


Switches  (cont.) — 

—  ratings,  369. 

—  surges  in,  349. 

Switchboards  and  Gear,  Chap.  16 — 

- defined,  4. 

- rules  as  to,  382. 

Symbols,  conventional,  6. 

Synchronous — 

—  alternators,  143. 

—  motors  and  power  factor,  156,  158,  160. 

—  speed  and  frequency,  135. 

Synchronising,  149,  321. 

Synchroscope,  149,  385. 

Synthetic — 

—  insulators,  74. 

—  resins,  75. 

Syntony,  47. 

*  System,’  4. 

Systems  of  supply  ;  of  Wiring  (see  Vol.  2). 

TT  AIL  race,  257. 

Talc,  74. 

Tangent  galvanometer,  96. 

Tank  arrester,  346. 

Tantalum,  67  (Table  6). 

Tapping  overhead  lines,  324. 

Tariffs  for  Electric  Supply — 

- and  power  factor,  274. 

- examples,  275. 

- fixed  charges  per  kw.,  272. 

- flat  rates,  270. 

- general.  Chap.  12. 

- Glasgow,  273. 

- maximum  demand,  272. 

- Metropolitan,  273. 

- minimum  charges,  271. 

- Norwich,  273. 

- point-five,  273. 

- power  factor  and,  274. 

- rateable  value,  273. 

- restricted  hour,  272. 

- standing  charge  plus  unit,  272. 

- « telephone,’  272,  273. 

- Wright’s,  272. 

Tarnac  alloy,  67  (Table  6). 

Tar  oils,  169,  178,  180. 

Tarpon  paper,  74. 

Telephone — 

—  general,  335. 

—  loading,  82. 

—  system  of  charging,  272,  273. 
Temperature — 

—  absolute,  166. 

—  coefficient  of  metals,  etc,  60,  61,  66. 
- copper,  62. 

- electrolytes,  68. 

—  dielectric  loss  and,  312. 

—  electrical  measurement  of,  122. 
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Temperature  ( cant .) — 

—  errors  of  instruments,  92. 

—  limits,  insulators,  80. 

—  machine,  moan,  122. 

—  rise,  cables,  291. 

- overhead  line,  328. 

- standard  rating  and,  136. 

- switches,  369. 

—  specific  resistance  and,  71. 

—  steam,  170,  172,  174. 

Tensile  strength  of  metals,  etc.,  67  (Table  6). 
Terminal  insulator,  330. 

—  stays,  326. 

Testing  (see  Vol.  2) — 

—  earth  plates,  348. 

—  insolators,  330. 

—  sets,  106. 

Thallium,  67  (Table  6). 

Therlo  alloy,  67  (Table  6). 

Therm,  48,  178. 

Thermal  conductivity.  85. 

—  efficiency,  166, 167,  181,  183,  188,  191. 

- internal  combustion  engines,  179. 

- turbines,  173. 

—  instruments,  89  et  seq. 

—  storage,  177. 

- maximum  demand  indicator,  117. 

Thermo-ammeter,  99. 

—  -couples,  89,  99,  122,  129. 

Thickness  of  water-pipes,  248,  249. 

Thompson  watt-hour  meter,  115. 

Three-core  cables,  311. 

Three-phase  (see  Alternating  currents, 
3-phase). 

Three-wire  system,  4. 

Throw-over  switch,  363. 

Thury  system,  289,  294,  317. 

Tidal  power,  230. 

Timber  preservation,  86,  323. 

Time  element  fuses,  342  et  seq. 

- relays,  344,  357  et  seq. 

~  switches,  272,  372,  374. 

Tin,  65,  67  (Table  6),  127,  342. 

—  fuses,  342. 

Tinning  on  copper,  282. 

Tirril  regulator,  147,  160. 

Totally  enclosed  motor,  4. 

Tough  rubber  compound  (C.T.S.),  74. 
Tourmaline,  130. 

Town  gas,  178. 

—  refuse  as  fuel,  168. 

Traction,  electric  (see  Vol.  2). 

Transformation  of  energy  (see  Vol.  2). 
Transformers  (see  also  VoL  2) — 

--  boosting  and  bucking,  142. 

—  current,  108,  384. 

—  elementary,  35  et  seq. 

—  frequency  of,  135. 

—  line  calculations  and,  313. 


Transformers  (cant.) — 

—  oil  for,  77.  ^ 

-—  potential,  108,  384. 

—  power  factor  and,  156. 

—  rating  of,  136.  * 

Transil  oil,  77. 

Transmission  of  Power  (see  also  Overhead 
lines) — 

j - aluminium  conductors  for,  308,  324, 

328,  331. 

- bronze  conductors  for,  331. 

i - cables  for,  $10  et  seq. 

| - control  and,  Part  IIT. 

j - C.C.  and  A.C  calculations,  294 

et  seq. 

' - copper  conductors  for,  307. 

| - cost  of,  332,  334. 

; - half-  and  quarter- wave,  318. 

j - high  pressure,  315  et  seq. 

- lines,  cost,  332,  334. 

- and  frequency,  1 35. 

' - parallel,  321. 

- steel  conductors  for,  309. 

- six-phase,  319. 

- water-power  and,  217. 

!  Transposition  of  telephone  wires,  335. 

I  Triangular  notch  measures,  water,  205. 
i  Triple  expansion  engines,  172. 

Trip-coil,  343  et  seq. 

\  —  mechanism,  372. 

Truck  type  switchgear,  380. 

,  True  and  apparent  power,  56. 

Tubular  poles,  323. 

Tumbler  switch,  363- 
Tungsten,  65,  67  (Table  6). 

—  alloys,  83. 

I  —  steel,  65. 

Tunnelling,  water-power,  228,  242. 

I  Turbines,  gas,  and  oil,  179,  183. 

|  Turbines,  Steam — 

! - exhaust  steam,  173. 

i - engines  compared  with,  189. 

| - general,  173,  174. 

| - speeds,  145. 

- steam  consumption,  167. 

Turbines,  Water — 

- Banki,  233. 

- general,  182,  201  el  seq.t  214. 

i - Girard,  233. 

| - governors  for,  256. 

i - Kaplan,  215. 

! - Nagler,  215. 

! - Pelton  wheel,  203,  214,  "215,  238, 

253. 

| - specific  speeds,  215. 

1 - speeds  for  driving  alternators,  254, 

:  Turbo-alternators,  145,  146,  173. 
j  Turpentine,  73  (Table  7). 
j  Two-phase,  16* 
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Two-rate  motor,  110. 

Two  wattmcjfhr  method,  1 10. 
Types  of  instruments,  89  d  »tq. 


N BALANCED  A.C.  circuits,  110. 
Underground  transmission,  Chap.  11. 
Undertakers  and  wnyleaves,  822. 

- supply,  208. 

Under-water  cables,  329. 

Uniflow  engines,  172. 

‘  Uninsulated  ’  defined,  4. 

Units,  absolute  and  practical,  1. 

—  (kWh.),  52. 

—  generated  and  sold,  209. 

Unwin’s  coefficients,  2(M>. 


y\jf  AUUUM,  impregnation  in,  70. 

—  turbine,  174. 

Variable  heads,  water,  223. 

—  ratio  tappings,  142. 

Varloy’s  method  for  phase  sequence,  150. 
Varnish,  dielectric,  73  (Table  7),  70,  287. 
Varnished  tape  and  doth,  74. 

Vehicles,  electric  road-  (are  Vol.  2). 
VMiOCJTY— 

—  and  pressure  of  wind,  324,  329,  341. 

—  in  pipes,  232,  247. 

—  of  approach,  205. 

- streams,  206,  210. 

—  spouting,  214. 

Ventilation  of  generators,  146,  356. 
Verrnork  plant,  243. 

Vibration  galvanometer,  96. 

Virtual  values,  29. 

Vitreous  insulators,  74. 

Volt,  2,  3,  8,  17  (**«  aim  Prmcire). 

—  average  and  maximum  value,  30,  3!. 

—  effective  or  virtual,  29. 

—  -nmpero,  133, 

Volta  ok — 

— -  abnormal,  345  H  wq. 

—  -  Ijoosting,  142. 

—  regulation  of  alternators,  117. 

■*—  and  power  factor,  155. 

—  regulators,  147,  160,  339. 

—  resonance,  350. 

.  Volt-box,  95,  107. 

Volts  last  in  cables,  24,  286. 
Voi.TMKTlfh.S--* 

—  ■  electrostatic,  103,  101,  107. 

—  general,  97-1(81,  385. 

—  hot-wire,  99. 

—  recording,  93,  97. 

—  spark-gap,  105. 

— *  »ynchro»coj>c,  149. 


Vulcanised — 

—  bitumen,  74,  283,  287. 

—  fibre,  73  (Table  7)  74. 

—  indiarubbor,  74. 

- cables,  283,  287. 

Vulcanite,  73  (Table  7),  74. 


|  AGES,  power-house,  194,  209. 

i  Waste  gas  <lh  fuel,  108. 

—  heat  utilisation,  170,  188, 

Wat  eh — 

1  —  circulating,  175. 

;  —  constants  of,  202. 

—  -cooled  generators,  146. 

—  electrolyte,  09. 

—  -  evaporation,  50,  52,  53. 

—  -gas,  178. 

—  -jet  arrester,  346. 

—  pipes,  power  (a««  Pipes,  turbine). 

. tube  boiler,  170. 

Wat  eh  Htoraok  ani>  Bow  eh-  - 
-- . .  automatic  plants,  187, 

—  - - -  Basin's  formula,  210,  211. 

—  - - oonsumpton,  low  head,  222. 

—  - - —  •—  cuhcc,  25,  201. 

- —  .  ..  discharge  of  streams,  200. 

~ - - - falls,  220. 

— -  - general,  Ohapn.  8-10. 

■  - - - head,  201,  218-233,  247. 

- - —  headworks,  230. 

—  —  ■—  high  falls,  Chap.  10. 

—  - - ...  —  Kelvin’s  law  and,  333. 

—  - - low  falls,  218-223. 

- - -  level  recorders,  208. 

—  —  —  -  — ~  Manning’s  formula,  212. 

—  —  — - mean  and  surface  velocity,  200, 

210. 

■=—  ~  measuring  flow,  205  H  m/, 

...  ....  .....  ....  medium  falls,  224-233. 

~ .  -  — -  meters,  current,  207. 

.  .  ...  -  nn7,/.lcH,  253. 

.  ...  -  .  -  ■*  open  channels,  211,  212,  237. 

-■  .  Belton  wheels,  203,  214,  215, 

238,  253. 

pipes  and  joints,  232,  240  ft 
m(. 

—•  ..  .  |K>wer  and  head,  201,  223. 

■—  -  — -  — -  —  cost,  216. 

—  rainfall,  gauges,  and  run-off,  204, 

241. 

—  -  --  —  storage,  2 (82,  209,  225.  229,  234 

ri  fipq.,  24 1  ft  miq, 

-*  -  *  —  —  tail  raee,  257, 

■  —  turbines,  182,  201  H  .w/.,  214, 

215,  233,  250. 

—  -  -  -  variable  heads,  823. 

—  —  -  —  watershed  crossings,  242. 
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Watt — 

—  and  power  factor,  153. 

- wattless  component,  154. 

—  definition  and  elementary,  2,  3,  48-50. 

—  equivalents,  2,  48. 

—  kilo  (see  kilowatt). 

—  -meters,  97,  109. 

Watt- hour — 

—  equivalents,  52. 

—  meters,  97,  113,  115,  385. 

Wattless  component,  110,  117,  154. 
Wattless  Currents — 

- and  tariffs,  274. 

- in  cables,  312. 

- centralised  production  of,  161. 

- general,  37. 

Wave  form,  30. 

Wayleaves,  322. 

Waxes,  insulating,  74. 

Weight — 

—  copper  wire,  62,  307. 

—  oil  switches,  371. 

—  water  pipes,  248,  249. 

Weir,  discharge  of,  205. 

—  floating,  244. 

Wei  bourn’s  construction,  303. 

Welded  and  riveted  pipes,  248. 

Welding,  electric  (see  Vol.  2). 

Weston — 

—  cell,  128. 

—  frequency  meter,  112. 

—  synchroscope,  149. 

Whalebone  paper,  74. 

Wheatstone’s  bridge,  97,  120,  348. 

Wicket  gate,  221. 

Wild  frequency  changer,  112. 

Wimshurst  machine,  131. 

Windings,  133. 

Wind  power,  165. 

—  pressure,  324,  329,  331. 


Wires  (see  also  Cables ;  Conductors ;  Over¬ 
head  lines) —  ■> 

—  aluminium,  290,  324,  328,  331. 

—  and  poles,  324  el  seq. 

—  bare,  4.  * 

—  bronze,  331. 

—  copper,  279  et  seq ,  307. 

—  earth,  347. 

—  flexible,  284,  285. 

—  gauge,  279. 

—  fusing  currents  in,  342. 

—  general.  Chap.  13. 

—  hard-drawn  copper,  307. 

—  overhead  (see  Overhead  wires). 

—  pilot,  359. 

—  steel,  etc.,  331. 

Wireless,  47. 

Wiring  Circuits,  Systems,  and  Control  (see 
Vol.  2). 

—  rules  of  the  I.E.E.,  4,  58,  152,  280  el  seq., 

293,  356,  382. 

- definitions,  4. 

Wood — 

—  as  dielectric,  73  (Tabic  7),  74. 

—  fuel,  168. 

—  poles,  86,  323. 

Work  and  power,  2,  48,  52. 

Works  costs,  194,  269. 

Wright’s  M.D.  indicator,  117,  272. 

Y-CAPACITY,  306. 

Y-connection,  143. 

Young’s  modulus,  324. 

7,  INC.  65,  67  (Table  6),  127,  346. 
Zirconium,  67  (Table  6),  85. 

Zodiac  alloy,  67  (Table  6). 
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